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Self-assembling amphiphilic macromolecular nanoparticle, with a hydrophobic inner core
and hydrophilic shell, can capsulate organic dyes inside. Thus, as a result, could be a
valuable delivery vehicle for biology applications. We have developed a family of
polymers, as supramolecular hosts, with decyl and polyethylene glycol side chains,
exhibiting different hydrophobic/hydrophilic ratio, polyethylene glycol length or
molecular weight. The polymers assemble into particles in neutral buffer and capture
hydrophobic BODIPY in their interior. The relationship between critical concentration,
dye loading property, hydrodynamic diameter and polymer structures were investigated.
These provided a guideline to design self-assembling supramolecular hosts for the
encapsulation of fluorescent guests and can lead to ideal delivery vehicles for the imaging
probes to target locations in biosystems. In additional, a halochromic coumarin-oxazine
fluorophore was connected to the side chains of an amphiphilic polymer covalently, with
folate ligands as targeting agents to MCF-7 cancer cells. The pre-fluorophores did not
produce any detectable fluorescence at neutral pH, but are converted into fluorophores with
red emission in acidic environment. Thus, this design offers the opportunity to highlight

cancer cells selectively with high brightness and optimal contrast.



We also designed a photoactivatable BODIPY with two oxazines attached. As a result, the
oxazine heterocycles can be disconnected stepwise upon UV irradiation and each product
exhibit different emission bands. When relative amounts of chromophores are placed in a
polystyrene bead matrix, the ratio of three component can be modulated by dose of
activating photons. This ratiometric strategy can be applied to write barcode inside
biosystems: different regions of a same animal can be labeled with different barcodes to

allow the monitoring of the spatiotemporal tracking.
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CHAPTER 1 FLUOROPHORES AND CARRIERS FOR BIOIMAGING
1.1. Introduction

Fluorophores are a group of unique chemical compounds that can absorb a certain
electromagnetic irradiation and re-emit light. The electronic states involved in this process
can be illustrated by Jablonski Diagram (a in Figure 1.1): molecules absorb
electromagnetic radiation and thus, undergo electronic excitation from their ground state
to their excited state, which can then release energy radiatively. If the emission of light
occurs from a singlet excited state, in which the excited electrons retains its original spin,
the phenomenon is termed fluorescence. While in phosphorescence, the light is emitted
from a triplet excited state, in which the excited electron inverts its spin. Generally,
fluorescence occurs in the nanosecond timescale and is much faster than phosphorescence,
which occurs in the range of microseconds to seconds'. The re-emitted photons can be
captured by fluorescence microscope (b in Figure 1.1). The basic operating principles of
a fluorescence microscope involve the illumination of the labeled specimen with an
excitation source through an objective lens. The radiations focused on the sample excite
the many fluorescent labels from their ground state to one of their excited singlet states.
The excited species relax thermally to the first singlet excited state and then radiatively to
So. The emitted light is collected on the detector, through the very same objective lens, to
reconstruct an image of the labeled sample with micrometer resolution on a millisecond
timescale. In fact, the fluorescence microscope has become an indispensable analytical

tool in the biomedical laboratory for the investigation of cells and tissues.
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Figure 1.1 (a) Jablonski diagram illustrating excitation of a fluorescent molecule from the ground state (So)
to the second singlet excited state (S,) is followed by internal conversion to the first singlet excited state (Si).
The molecule in S; can either decay nonradiatively or emit light in the form of fluorescence to regenerate S.
Alternatively, it can undergo intersystem crossing to populate the first triplet excited state (T,) and then either
decay nonradiatively or emit light in the form of phosphorescence to regenerate So. (b) The fluorescence
microscope records images of samples labelled with fluorescent molecules by exciting the labels and

collecting their emissions.

Traditional imaging techniques, such as ultrasound, X-ray radiography, computed
tomography, magnetic resonance imaging and positron-emission tomography scanning,
has been widely used to study biology systems. However, the strategies stated above
sometimes fail to achieve a high contrast between targets of interests and background?.
Fluorescent based bioimaging assays, who aim to visualize, characterize, and measure
biological processes at the molecular and cellular levels in living systems, have found
particular interest because they hold certain advantages (sensitive, selective, rich in contrast
and versatile) and could be an ideal modality for biosystem studies, such as cellular organ
labels, chemical indicators, and enzyme substrates>.

Though bioimaging is largely driven by the photophysical properties of synthesized

fluorophores, the development of nanotechnology significantly facilitates the imaging



research. Incorporating with nano-sized carriers whose surface has been properly
functionalized, for example with receptors, ligands or antibodies, so as to recognize the
specific counterpart, the designed fluorophores have several advantages compared to
traditional ones.  Firstly, loading the fluorophores in nanocarriers can increase their
bioavailability, which otherwise will be most likely eliminated by liver and kidneys
rapidly*. Secondly, hydrophobic drugs can only be administered intravenously after
addition of solubilizing adjuvants like ethanol or Cremophor EL, which is often
accompanied with toxic side effects’®. Incorporation of these drugs in nanocarriers avoids

the use of adjuvants’.
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Figure 1.2 Molecular Imaging Probe

Based on these factors mentioned above, when designing a receptor targeted fluorescent
probe, several concerns usually arise, such as (1) what fluorescent moiety should be used?
(2) What types of carrier should be used to transport the dye? (3) What kind of strategy
should be applied to achieve a high signal-to-noise ratio (SNR)? The introduction written

below will have a general view of these question.



1.2. NIR Fluorophores

The major disadvantage of optical imaging technique is the tissue penetration caused by
tissue absorption and scattering. Near infrared (NIR) fluorophores can give out fluorescent
signals between 650 — 900 nm, where the absorption and scattering of tissue are
minimized®. Thus, the problem can be partially solved by modulating the optical signals
to near infrared (NIR) region, under which the interference of tissue absorption and
scattering is minimized. Moreover, tissue autofluorescence is negligible in the NIR region,
and less fluorescence extinction enhance deep tissue penetration with minimal background

interference’.
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Figure 1.3 Near-infrared optical windows in biological tissues. The effective attenuation coefficient graphed
as a function of wavelength shows that absorption and scattering from oxygenated blood, deoxygenated blood,

skin and fatty tissue is lowest in the NIR1 and NIR2 spectral regions'%-!!,



1.2.1. Small Molecule Fluorophores

Cyanine Dyes.

Cyanine dyes were firstly developed in 1856, by Williams. Typical cyanine dye contains
two aromatic nitrogen-containing heterocycles, as charged fluorophores, linked by an odd-
number polymethine bridge'?. The model compound of cyanine, monomethine cyanine,
generally show an absorption in the visible region, with a narrow absorption band, high
extinction coefficient (in most cases reaching 200,000 mol! cm ! L) and high quantum
yield'3. With the elongation of the vinylene moiety between the two heterocycles, the
molecules show a bathochromic shift by approximately 100 nm. For example,
pentamethine (Cy5 in Table 1.1) derivatives can reach a near-infrared region (> 700 nm),
and heptamethine cyanines (Cy7 in Table 1.1) show absorption beyond 1000 nm'®. On the
other side, the extension of the nitrogen-containing heterocycles leads to a bathochromic
shift by about 20 nm (Cy 5.5 in Table 1.1)!*. Based on the unique fluorescent properties
of cyanine dyes, they are widely used in semiconducting materials, laser materials, optical

I5-17 " However,

recording media, paints, and bioprobes for nucleic acids and proteins
traditional cyanine dyes suffer from poor photostability, self-aggregation and low quantum
yield in aqueous solution, the major environment in biosystems. With the continuous
development of cyanine dyes, significant progress has been made to overcome these

limitations. Ongoing efforts in the research of cyanine dyes are focused on exploiting their

value in biomedical applications.



Table 1.1 Optical properties of typical cyanine dye in aqueous buffer'®.

Fluorophore Structure Abs/mm Em/nm ¢

Cy3 O N N O 558 572 0.67

Cy5 O N O NP O 649 670  0.28

cyss T, () 75 64 028
Cy7 O N O 743 767 0.28

By replacing the central link of polymethine with a rigid cyclohexenyl group, the
photostability and fluorescent quantum yield are significantly increased!®2°. James el al.
constructed a series of symmetrical polymethine dyes containing different bis-N-
substituted indoles, linkers and benzindole moieties and found out that the structure with a
cyclic chloro-cyclohexene moiety showed better fluorescent imaging ability?!.  Other
Studies also show that the fluorescence efficiency is greatly increased upon binding of
cyanine dyes with nucleic acids or proteins as a result of the rigidization of the

fluorophores®*%.

Based on the rigidity study, Peng et al. synthesized a series of 3H-
indocyanine dyes with different N-substituents®*. The results showed that the electron

withdrawing ability on N-position can tremendously improve the photostability. They also

tried to replace the chlorine located on the central cyclohexene ring with other electron
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withdrawing/donating groups to investigate its effects’®. Those who were replaced by
electron donating groups showed a better photostability in aqueous solutions. As the major
media in biosystems is water, the hydrophilic property is a must for these probes. So, NIR
cyanine dyes with the introduction of carboxylic or sulfonic acid groups have been
synthesized?®?’. These newly synthesized cyanine dyes were found to have a large stock
shift, strong fluorescence and a great improvement of water solubility. A “turn on” system
involving a bis(heptamethine cyanine) dye moisty, which contains two cyanine subunits,

128, This designed system exhibited negligible

was synthesized by Strekowski et a
fluorescence in aqueous solution. However, once bound to with protein, a strong increase
in fluorescence (~ 1000 folds) was observed, leading to a high SNR.

Rhodamine Dyes.

Rhodamine dyes are one group of xanthene dyes. Owing to their photophysical properties,
such as high molar extinction coefficients and good photostability, this type of dyes have
been widely used as probes for fluorescent imaging. However, most rhodamine-based
fluorophores only emit in visible region (500 - 600 nm), and thus do not meet the
requirements for bioimaging mentioned above. So, efforts have been paid to modify its
xanthene core, in order to tune the emission wavelength. Wang et al. synthesized a NIR
rhodamine dye by replacing the center oxygen atom by silicon®. This system was again a
“turn on” one, whose fluorescence can be controlled by a ring-opening process. Kiode et
al. further developed four rhodamine derivatives based on the Si substituted rhodamine®°.
The four designed fluorophores can emit strong NIR in aqueous media, with their emission

peaks ranging from 660 nm to 740 nm. The same research group also developed a Te

substituted rhodamine, which showed neglectable fluorescence in PBS*'. However, once



contacted with reactive oxygen species (ROS), the oxidation of the Te lead to a ~ 200-fold
increase in its fluorescence. This “turn on” property made it a suitable probe for detecting

ROS in biosystems.
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Figure 1.4 (a) Chemical structures of SiR650 and newly synthesized NIR wavelength-excitable fluorescence
dyes, SiR-NIRs. Normalized absorption (b) and emission (c) spectra of 1 pM SiR-NIRs, measured in PBS
at pH 7.4. (d) In vivo tumor imaging with SiR700-labeled anti-tenascin-C antibody (SiR700-RCB1).
Xenograft tumor model mice prepared with human malignant meningioma HKBMM cells were
intravenously injected with 300 pL of 130 pg/mL SiR700-RCB1 (D/A = 1.6). The tumor fluorescence images

were obtained before and at 24 h after the injection.

BODIPY Dyes.

BODIPY stands for a group of dyes that have a skeleton of boron-dipyrromethene, which
was firstly depicted in 1968%. They generally have a narrow fluorescence band high

quantum yield, and also exhibits excellent thermal and photochemical stability, as long as



low toxicity. These characteristics make them a desirable tool for laser dyes, molecular
photonic wires, chemosensors, electron transfer reagents and bioprobes®*=°. But traditional
BODIPY dyes share the same problem with rhodamine: their absorption and emission
wavelengths are both located in visible region, instead of NIR one. Therefore, great efforts
have been made to shift the absorption and emission spectrum to NIR region by research
groups worldwide. Currently, the two main strategies used to shift BODIPY into NIR
dyes are (1) functionalization at a-, B- sites of the BODIPY core to extend n-conjugation**-
42 (2) replacing the meso-carbon by an imine type nitrogen atom*** (Figure 1.5). The
most straightforward way to extend the conjugation would be introduce aromatic units at
3- or 5- positions, as illustrated by Burghart et al**. The extension leaded to a
bathochromic shift of ~ 50 nm in both absorption and emission compared to regular
BODIPY, but this also caused a decrease in fluorescence quantum yield. The possible
energy loss from the excited state via thermal rotation of the aromatic substituents could
be the reason. Thus, Chen ef al. synthesized three series of BODIPY dyes by merging the
3- and 5-phenyl rings with the fluorescent core, which forms six-membered rings and
reduced the rotation, as well as the torsion angles between the phenyl groups and the central

core®.
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Figure 1.5 BODIPY skeleton and methods to tune its absorption and emission.
Not only limited to bioimaging applications, BODIPY dyes are also utilized in
photodynamic therapy. By modifying the NIR BODIPY skeleton, Shen’s group developed

a bromo substituted derivative, which can generate singlet oxygen when exposed to a
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irradiation at 635 nm* (Figure 1.6). Nevertheless, Wang et al. synthesized and

characterized two novel BODIPY dyes, each containing two pyridinium groups and

exhibiting DNA photocleavage ability through the production of free radicals®’.
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Figure 1.6 (a) Structure of NIR BODIPY I. (b) Proposed photodamage mechanism for BODIPY I. (c) the

photocytotoxicity of sensitizer I as demonstrated by an MTT assay based on HeLa cells in the absence and
presence of light (Air = 635 nm). Confocal fluorescence images in HeLa cells (Aex =488 nm, Aem =510 — 530
nm). (a) I (10 mM) treated cells in the dark; (b) I (10 mM) treated cells irradiated for 100 s by a 635 nm laser
beam with a power density of 400 mW cm™. The fluorescence signal is due to the presence of Annexin V-

FITC which acts as a probe for apoptotic cells*.

Squaraine Dyes.
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Squaraines were firstly developed in 1965, by Treibs and Jacob*. They are a group of
molecules that process an electron deficient four-membered ring, oxocyclobutenolate, as a
center core, cooperating with two donor moieties, such as aromatic or heterocyclic
components, at the two sides of the core to afford a donor-acceptor-donor motif*>. These
dyes typically emit in the red/NIR region, exhibiting excellent photophysical properties,

including high molar extinction coefficient>’>!,

However, like the most organic dyes,
squaraine dyes have an issue on solubilizing in water, due to their large and planar
hydrophobic n-conjugated structures. What’s more, the squaraine dyes tend to aggregate
in aqueous solution, because of its insolubility, and the aggregates show minimum
fluorescence, as well as a broadened absorption band. So currently, a lot of efforts have
been paid to the design of NIR squaraine dyes, in order to regulating its aggregation or
disaggregation behavior. To improve the solubility in aqueous solution, Suzuki and
coworkers made a step to synthesize a water soluble squaraine®’. They made a squaraine
derivative with four sulfonate moieties on the side chain, which showed a tremendous
solubility in PBS buffer along with an absorption peak at 787 nm (1 in Figure 1.7). Later
on, Smith’s research group reported squaraines surrounded by different types of rotaxane
rings>*(2 in Figure 1.7). The rotaxane ring not only increased the solubility of squaraine in
water, but also prevent it from aggregation, as the surrounded space were taken up by
rotaxanes. The whole unit showed a better photostability and stability in various solvent
systems. As this strategy did not involve the covalent attachment between the host and

guest, it suggest a potential versatile method to construct various types of highly stable,

water-soluble NIR probes for bioimaging.
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Figure 1.7 Example of water-soluble NIR squaraine dyes achieve by (1) substitution with sodium sulfonate;

(2) surrounded by rotaxane.

Phthalocyanines Porphyrin Derivatives.

Phthalocyanines and porphyrin derivatives are versatile functional pigments consisting of
four pyrroles or isoindoles, bridged through four nitrogen atoms>*. There are 4n + 2 &
electrons located in the center 16-member ring, and they are strongly delocalized around
the chromophore. As a result, this group of molecules have a relatively high thermal and
chemical stability, which could survive intense electromagnetic irradiation. The two
hydrogen atoms located at the center of the cavity can be modified by metal ions and
various substituents, which, as a result, leads to various physical/chemical properties®. In
the last two decades, numerous works have been done to investigate the applications of

phthalocyanines and porphyrin derivatives, not only limited as fluorescent dyes, but also
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electronics, optoelectronics and biomedicines. Though this type of molecule showed a
good thermal and chemical stability, they cannot serve as a good probe for bioimaging as
the light emitted located below 700 nm>®. Thus, strategies such as applying benzene groups
or electron-donating groups onto the skeleton to move the absorption and emission bands
towards NIR region have been developed. Expanded pentafluophenyl porphyrins were
synthesized by Osuka’s research group®’. They managed to tune the absorption wavelength
to as long as 950 nm. Xie et al. synthesized a new class of N-confused expanded
porphyrins, with triangular shapes and emitted from 800 — 1000 nm®®. Conjugated
porphyrin dimers were also found to be utilized in imaging studies®. These dimers
exhibited far-red spectral region fluorescence (700 — 800 nm), where the tissue showed
neglectable absorption and scattering.

Besides the application in bioimaging as fluorescent probes, phthalocyanines and
porphyrin derivatives also can also generate singlet oxygen upon irradiation, showing a
potential to be photosensitizers for photodynamic therapy®®. Hu et al. synthesized several
benzyl-substituted phthalonitriles with the cavities occupied by Zn®'. These type of
phthalonitriles showed the property of generating singlet oxygen under irradiation, and
further research developed its function for photodynamic therapy. In another similar study,
Karunakaran and coworkers developed a novel porphyrin derivative, with its cavity
occupied by Zn, which showed favorable photophysical properties, negligible dark
toxicity, along with high in vitro photodynamic therapy®?.

Therefore, with excellent stability and suitable photophysical properties, versatility of
newly developed phthalocyanines and porphyrin derivatives make them greatly potential

to be extensively applied in clinic for both biological imaging and cancer therapy.



1.2.2. Macromolecule Fluorophores

Quantum Dots.

14

Quantum Dots (QDs) are fluorescent inorganic nanocrystals, with a core-shell structure.

QDs showed high extinction coefficients, high fluorescent quantum yields, sharp emission

bands, and its emission wavelengths can be modified by changing size of the nanocrysta

163,

Generally, the emission band will shift towards the longer wavelength when the diameter

of QDs increases (Figure 1.8). Thus, QDs with suitable size, along with NIR emission,

could be a fluorescent probe for bioimaging®.
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Figure 1.8 (a) Photo demonstrating the size-tunable fluorescence properties and spectral range of the six QD

dispersions versus CdSe core size. All samples were excited at 365 nm with a UV source. (b) Absorption and

emission of six different QD dispersions. The black line shows the absorption of the 510-nm emitting QDs®.
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However, the main challenge remains in their toxicity. The strategies commonly used to

reduce their toxicity is to coat the surface with a less toxic layer®®¢’

. Another problem
researchers are facing is the water solubility issue. Xue ef al. used four different agents to
help NIR-emitting QDS solubilize in water®®. Though all the four agents did their
functionality, they have different effects on the photophysical properties of QDs. QDs with
Nanohydrogels and amphiphilic polymers showed a dramatic decrease in quantum yield,
while the ones coated with N-succinyl-N’-ocytl chitosan (SOC) micelles or Glutathione
(GSH) as phase transfer agents showed relatively strong fluorescence. Based on these
strategies, Cao et al. developed a SOC micelles coated QDs for bioimaging®. This type of

QDs exhibited low cytotoxicity and were selectively accumulated in tumor through

enhanced permeability and retention (EPR) effect (Figure 1.9).
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Figure 1.9 (a) Schematic diagram of the synthesis procedure for PbS QDs-loaded SOC micelles. (b) /n vivo
imaging of PbS QDs-loaded SOC micelles by NIR imaging system. The Bel-7402 hepatoma cells were
injected in the left armpit of each nude mouse. After the diameter of the tumor reached about 0.4 cm, the
mice were fasted to avoid the background signal and ready for use. PbS QDs loaded SOC micelles were
intravenously injected via the tail vein into tumor-bearing mice and monitored for 96 h. Fluorescence

imaging of the preinjection mouse was acquired and set as background imaging®.
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Conjugated Polymers.
As fluorescent probes for bioimaging, conjugated polymers (CPs) have attracted more and
more attention, because they showed good stability, non-cytotoxicity and tunable

emission’%"!

. CPs have a backbone of alternating 6- and n-bonds, with their absorption
and emission strongly depends on the composition. The introduction of alternating push-
pull motif has been used frequently to lower the bandgap, which further leads to a

bathochromic shift in absorption and emission’>. The most popular CPs are polyacetylene,

polyaniline, polycarbazole and so on”® (Figure 1.10).

~ O 1O

polyacetylene polyphenylene vinylene X: NH/H, polyaniline
X: S, polyphenylene sulfide
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N
1y ety
X In n n
X: NH, polypyrrole polyfluorene polycarbazole

X: S, polythiophene

Figure 1.10 Structures of conventional conjugated polymers.

However, as the major part of CPs is highly hydrophobic, strategies have to be
implemented to make them operable in aqueous solution. Three methods were commonly
used to increase the solubility. The first approach tried to introduce charged moieties on
the polymer side chains’®. Another method linked CPs to biological structures or

liposomes”>76.

The most common technique was to prepare the CPs into polymer
dispersion in aqueous solutions, which was also known as polymer dots (Pdots)”’. Liu et

al. developed CPs who have selectivity for folate receptor by conjugate folic acid onto the
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surface of CPs’®. These synthesized CPs showed a selectivity for HeLa cells and MFC-7

cells. In addition, they utilized receptor mediated endocytosis to label ovarian cancer cells

with overexpressed folate receptors (SKOV-3 cells) (Figure 1.11).

Figure 1.11 Confocal fluorescence images of SKOV-3 cells labeled by Pdot-folate conjugates. (A) The blue
fluorescence results from the nuclear counterstain Hoechst 34580, and the red fluorescence is due to the
Pdot—folate conjugates. The right panel shows the overlay of the blue and red fluorescence; (B) images of

negative control samples in which cells were incubated with bare Pdots without folate functionalization.

1.3. Supramolecular Amphiphilic Nanocarriers

As most NIR fluorophores mentioned above show a hydrophobic property, a common
method, who should be easy in practice and does not affect the photophysical properties of
dyes, should be developed. Amphiphilic polymers are valuable macromolecular synthons
for the construction of supramolecular hosts capable of capturing a diversity of molecular

7994 Their covalent skeleton incorporates hydrophilic and

guests in their interior
hydrophobic segments that guide the assembly of multiple polymer chains into single
particles of nanoscaled dimensions in aqueous environments. Solvophobic interactions
bring the hydrophobic fragments of distinct polymer components in contact to minimize
their direct exposure to water. Concomitant solvation of the hydrophilic fragments ensures

optimal aqueous solubility and prevents further association of the nanoparticles into micro-

and macroscaled aggregates. The overall result is the spontaneous assembly of
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nanostructured constructs with hydrophilic surface and hydrophobic interior, where
multiple hydrophobic guests can be encapsulated. In fact, such supramolecular hosts can
transfer, otherwise insoluble, molecules into aqueous phases and carry them across
hydrophilic media. Indeed, self-assembling nanoparticles of amphiphilic polymers are
promising supramolecular vehicles for the transport of drugs, photoactivatable fluorophore,

fluorescent dyes into specific intracellular targets®>'?

. Some of the fundamental aspects
of these amphiphilic nanocarrier will be discussed briefly in the following sections.

1.3.1. Critical Concentration.

When mixed with water at relatively low concentrations, most amphiphiles migrate to the
air/water interface (a in Figure 1.12) to avoid direct exposure of their hydrophobic

components to the aqueous environment!'!*!!5,

In the resulting arrangement, the
hydrophilic segment of the molecule remains within the aqueous phase, while the
hydrophobic counterpart protrudes above the aqueous surface. If the amphiphile
concentration is gradually increased, then the air/water interface becomes increasingly
crowded until additional molecules are forced to reside within the aqueous phase (b in
Figure 1.12). Above a certain concentration threshold, denoted critical concentration (CC),
the amphiphiles in the aqueous phase self-assemble into micellar aggregates (¢ in Figure
1.12) to prevent the direct exposure of their hydrophobic parts to water. In fact, the
hydrophobic portions of the many molecules in each supramolecular assembly point
toward the interior of the construct, while the hydrophilic parts are on the surface to be
directly exposed to the aqueous solvent. Such an arrangement ensures the most appropriate

environment around the hydrophobic and hydrophilic fragments of each molecular

component of the self-assembling supramolecular constructs. Any further addition of
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amphiphiles slightly beyond the CC then translates into an increase of the number of
micelles dissolved in the aqueous phase. Under these conditions, the many supramolecular
assemblies remain isolated from each other with no spatial correlation. At concentrations
significantly greater than the CC, however, liquid-crystalline phases with long-range

orientational and positional order may appear!!6-117,
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Figure 1.12 The addition of increasing amounts of amphiphilic compounds to water encourages the
formation of a layer of molecules at the air/water interface (¢ and b) and, eventually, results in the self-

assembly of micellar aggregates above a critical concentration (c).

The morphology of micellar aggregates of amphiphilic components is related to the
structural composition and concentration of the individual building blocks and it can vary

with the ionic strength and temperature of the solution!!*!!4,

Generally, these
supramolecular assemblies are spherical (Figure 1.13) and, only occasionally, adopt
globular or rod-like shapes. In all three instances, the interior of the aggregate is
hydrophobic and the surface hydrophilic. However, certain amphiphiles tend to form

bilayer assemblies capable of curling into spherical vesicles and encircling solvent

molecules within their inner hydrophilic face.
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Figure 1.13 Common morphologies of supramolecular assemblies of multiple amphiphilic components.

The value of CC varies with the structural composition of the self-assembling building
blocks and its determination for any amphiphile is essential to identify a range of optimal
concentrations to induce the spontaneous formation of micellar aggregates. This crucial
parameter can be measured with diversity experimental procedures based on its influence
on certain physical variables, including chemical shift, absorbance, fluorescence intensity,
ionic conductivity, osmotic pressure and surface tension!'%!", Out of these many methods,
those relying on fluorescence and surface tension measurements are relatively simple and,
as a result, appear to be the most common protocols for CC determination in literature
reports.

Fluorescence methods for CC determination rely on the ability of the micellar aggregates
to encapsulate emissive and hydrophobic probes in their nonpolar interior'?1?*, These
molecular guests must be selected to lack any significant solubility in aqueous
environments on their own, but readily transfer into an aqueous phase after entrapment
within their supramolecular hosts. Under these conditions, their fluorescence can be
detected in water only if a given amphiphile is present at a concentration greater than the
corresponding CC. For example, 9,10-bis(diphenylethynyl)anthracene (20 in Figure 1.14)

is essentially insoluble in phosphate buffer saline (PBS), but readily dissolves in the
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)24, As aresult, the treatment

presence of significant amounts of an amphiphilic polymer (3
of a fixed amount of 20 with identical volumes of PBS solutions containing increasing
concentrations of 3 can be exploited to identify the CC value of the polymer. Indeed, no
emission can be detected at low polymer concentrations (Figure 1.14). Once CC is reached,
however, the amphiphiles assemble into micellar aggregates. The resulting supramolecular
constructs capture the fluorescent species, transfer them into the aqueous phase and allow
the detection of their fluorescence. Consistently, a sudden increase in emission intensity
is observed above this particular concentration threshold (Figure 1.14).
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Figure 1.14 Plot of the emission intensity of 20 (1 pug mL™", Ag = 440 nm, Agm = 476 nm) against the

concentration of 3 in PBS at 25 °C.

In principle, the encapsulation of fluorescent probes in the interior of the micellar
aggregates might have an influence on the ability of the amphiphilic components to
assemble and, therefore, affect the actual CC value. This potential limitation can be
overcome with protocols based on measurements of surface tension, which do not require

the addition of any molecular guest125. Indeed, this parameter can be determined

experimentally with a variety of instrumental setups, including Traube's stalagmometer,
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modified manometers or computer-controlled tensiometers calibrated with liquids of
known surface tension.

Molecules in a liquid attract each other. These interactions are balanced in all directions
for a given molecule within the bulk of the liquid. However, they are unbalanced for an
equivalent molecule on the surface of the very same liquid, resulting in forces that tend to
hold the liquid together. The surface tension (y) is a measurement of such a cohesive
energy that exists at the air/liquid interface. The presence of amphiphilic molecules at the
interface disrupts these cohesive interactions with a concomitant decrease in surface
tension. In fact, amphiphiles are often called "surface active" compounds or "surfactants",
because of this effect. Specifically, the surface tension depends on the concentration of a
given amphiphile, as shown schematically in Figure 1.12. It remains approximately
constant at low concentrations, but drops rapidly with the crowding of the air/water
interface and then shows a negligible change, once the micellar aggregates start
assembling. As aresult, CC can be estimated from the intersection of the linear correlations
associated with the last two segments of the plot (Figure 1.12). For example, the
dependence of the surface tension on the concentration of sodium dodecyl sulfate in water

and the corresponding CC are illustrated in Figure 11'26,
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Figure 1.15 Plot of the surface tension of a solution of sodium dodecyl sulfate (SDS) in water against the

amphiphile concentration at 25 °C

1.3.2. Hydrodynamic Diameter.

Dynamic light scattering measurements can provide a quantitative assessment of the size
distribution of spherical nanoparticles dispersed in a solvent from the analysis of their
random thermal motion (Brownian motion). Indeed, the translational diffusion coefficient
(Dy) of the moving nanoparticles is inversely related to their hydrodynamic diameter (Dn)
according to equation (1), where kB, 7 and # are Boltzmann's constant, temperature and
viscosity respectively. As a result of this correlation, the displacement of small diffusing
nanoparticles over time (¢ in Figure 1.16) is more pronounced than that of large
counterparts (b in Figure 1.16). In fact, the sequential tracking of the nanoparticle positions
with very short probing intervals (< 100 us) permits the determination of their physical
dimensions, even when the moving objects are micellar aggregates of amphiphilic building

blocks.
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Figure 1.16 Illustration of the relationship between the speed of particle movement and the size.

Experimentally, this particular technique determines the aggregate size by measuring the
random changes in the intensity of light scattered from the corresponding solution.
Generally, a laser source illuminates the sample maintained in a transparent cell and the
scattered light (Figure 1.17) is collected on a photomultiplier tube. As the diffusing
aggregates are constantly in motion, the obtained optical signal shows random changes
because of the constructive and destructive phase addition of the scattered light with time.
Their size can then be extracted from this signal after an appropriate mathematical
treatment. Specifically, the detected signal can be interpreted in terms of an autocorrelation
function [G(7)] of the delay time (7), i.e. the time that elapses between two consecutive data
collections. If all the particles are identical in size, [G(7)] decays monoexponentially with
T, according to equation (2), and fitting of the experimental data provides an estimate of
the decay constant (/). In turn, this parameter is directly related to D, according to
equation (3), where the scattering vector (g) is a function of the refractive index (n) of the

liquid, the wavelength (A) of the laser and the scattering angle (8), according to equation
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(4). Thus, a measurement of [G(7)] against 7 ultimately provides a value of Dt and, in

combination with equation (1), also of Dn.

G (t)=exp (-2771) ()
I'=D:iq* 3)
q = (4mn/) sin(6/2) 4)

I
»

Time (s)
Figure 1.17 Schematic representation of the optical setup used for dynamic light scattering measurements of

nanoparticle sizing35.

Nonetheless, most samples have a distribution of nanoparticle sizes and, therefore, the
correlation of [G(7)] and T becomes a power series, according to equation (5). Once again,
a decay constant (/”), which is the sum of all the individual exponential decays contained
in the correlation function and is proportional to D, is extracted to obtain a weighted

average of Dn, termed z-average size.

G(r)=exp(-2Tz+p, 7 —-") (%)

Besides fitting a single exponential decay to the correlation function (eq. 5) to obtain the
z-average size, a multiexponential function can be used instead to obtain the distribution of
particle sizes. After applying such a mathematical algorithm, one gets the size distribution

as a plot of the relative intensity of light scattered by the particles in various size classes.
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As an example (Figure 1.18), shows the intensity distributions for amphiphilic polymers 3
and 21. Specifically, hydrodynamic diameters of ca. 10 and 130 nm are registered for these

two particular amphiphilic macromolecules respectively.
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Figure 1.18 Chemical structure and hydrodynamic diameters, Dh, for amphiphilic polymers 3 and 21

1.4. Probing Strategies

The SNR in probing molecular processes and cellular functions in biosystems is depending
on the efficiency of the delivery of fluorophores to target tissues. This delivery process is
currently mediated by nonspecific mechanism followed by an activation mechanism and
specific mechanism'?’.

1.4.1. Specific Delivery

As more and more researches have been done to reveal novel specific factors that can only
be recognized by a type of cells or tissues, newly designed fluorescent probes who are
incorporated with these characteristic factors can giving out signals specifically from those
cells or tissues. The factors that can be targeted for specific delivery by this approach
include overexpressed receptors on membranes, adhesion factors, RNAs and so on.
Antibody or proteins bioconjugates are popular targeting agent which can bind to the

8

surface receptors are widely used according to published papers!?®. The main challenge

that researchers are facing is that before the probes diffusing into targets, they are uptake
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by the liver'?®. Though some studies somewhat overcome this problem, it is more common
to use nuclear methods because they are not antigenic and are small enough for a faster
diffusion compared to biomacromolecules. Additionally, small molecules are easier to
prepare and are amenable to combinatorial synthesis. This approach can also be applied to

functionalize the cairriers.
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Figure 1.19 Chemical structures of the conjugated polymer with NIR fluorescent dye (DPA-PR-PDI), the
amphiphilic polymer with folate moiety (FA-F127) used for the construction of the hybrid NPs, and

illustration showing the NIR fluorescence emission of the NPs upon excitation using 800 nm pulse laser.
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Evaluation of the penetration ability of hybrid fluorescent NPs for fluorescence imaging under different

imaging modes. The scale bar refers to 100 pm.

Tian’s research group synthesized a type of hybrid fluorescent nanoparticles with a
Bis(diphenylaminostyryl)benzene (DPSB)-based conjugated polymer as energy donor and
a peryleneimide derivative (DPA-PR-PDI) as energy acceptor'*’. The conjugated polymer
showed a decent molar extension coefficient at 400 nm, as well as a two-photon absorption.
The absorption of DPA-PR-PDI exhibited an overlap with the emission of the conjugated
polymer, leading to FRET possible. An amphiphile, pluronic F127, was conjugated with
folate ligand, a type of target agent which can specifically bind to folate receptors

131 These three components were self-

overexpressed on the surface of some cancer cells
assembly into nanoparticles in PBS buffer with a nanoscaled dimension. These hybrid
nanoparticles had a good stability and low cytotoxicity. Because of its NIR two-photon
absorption and NIR emission, the signals could be detected through tissue with a thickness
of 1.5 mm (Figure 1.19).

1.4.2. Activation in Target

Activatable fluorophores are a group of chemical compounds that can switch from a
nonemissive to an emissive state, or from one emission wavelength to another one upon
certain external stimuli. This unique property makes activatable fluorophores fit well with
the goal of high contrast, compared to the “always-on” systems, as signals could be tuned
to be respond to a specific target and avoid the washing process. Incorporate with the NIR
dyes mentioned above, activatable NIR dyes have attracted intensive attention in
bioimaging, but only a few are readily available owing to poor photostability and
132-137.

hydrophilicity, and difficulties of signal capture in heterogeneous tissues in vivo

Extensive researches have been devoted to the redesign and modification of the existing
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fluorescent skeletons to overcome these limitations. Great efforts have been made to
develop new activatable NIR dyes with better photostability, high quantum yield and

sensitivity.
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Figure 1.20 Schematic diagram of the ICE-NIRF probe. In its intact state (left), the high local density of
fluorochromes causes substantial fluorescence quenching. The enzymatic activation by caspase-1, involving

cleavage of the peptide substrate, results in release of the near-infrared fluorochrome, Cy5.5 (right).

There are some enzymes, which can catalyze one specific type of reactions, overexpressed
in certain cells and can be used as a guidance for designing activatable NIR fluorophores.
The transformation of a normal cell to an apoptotic ell is typically characterized by loss of
cell volume, plasma membrane blebbing, nuclear chromatin condensation and aggregation,

138 Consequently,

and endonucleocytic degradation of DNA into nucleosomal fragments
caspases are considered both initiators and executioners of apoptosis'*®. So, by detecting
the existence of caspases, the process of cell apoptosis can be monitored. Messerli et al.
synthesized a NIR probe based on the function of caspase-1'*¥. They conjugated a NIR

fluorophore, Cy 5.5, to a caspase-1-cleavalbe peptide through its C-terminal cysteine

residue to generate the probe. The probe showed neglectable fluorescence, because of high
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local fluorophores (Figure 1.20), when it was linked to the peptide. Upon activation, the
peptide was cleaved and a “turn-on” fluorescent signal was detectable (Figure 1.21).
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Figure 1.21 Induction of apoptosis with staurosporine resulting in activation of the ICE-NIRF probe. Gli36

Staurosporine

Control

cells were treated with 50 M staurosporine for 24 hours (A—C) or with the same percentage of DMSO (0.01%)
to which experimental wells were exposed (D-488nm laser, E-633nm laser and F-bright field). To examine
the role of caspase-1 in staurosporine-induced apoptosis and probe activation, cells were coincubated in
caspase-1 inhibitor (10 M) and staurosporine (G-I). Staurosporine induces apoptosis, indicated by the
positive annexin staining viewed with the 488-nm laser (A), which colocalized with activated probe viewed
with the 633-nm laser (B). Coincubation of the caspase-1 inhibitor with staurosporine did not completely
block apoptosis, indicated by the relatively higher number of apoptotic cells stained with annexin (G), as

those that activated the probe (H).

1.4.3. Photoactivation for Cell Tracking

In previous sections, the general mechanisms require external factors or stimuli. But it can
cause unwanted complexities. Light, on the other hand, can provide potentially more facile
spatiotemporal control. To date, most light-triggered photoactivation processes have been

based upon the concept of photocaging.
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Patterson et al. reported a photoactivatable Aequorea victoria green fluorescent protein
(GFP)'%°,  Before activation, the GFP showed neglectable fluorescent signal. After
irradiation with 413 nm light, the neutral probe was transformed into an anionic state,
enabled a 100-fold increasing of the GFP fluorescence at 520 nm. The fluorescent signal
was stable for days under aerobic conditions and thus, making it a suitable tool for cell
track in vivo. Sequentially, they used the photoactivatable GFP both as a free protein to
measure protein diffusion across the nuclear envelope and as a chimera with a lysosomal
membrane protein to demonstrate rapid interlysosomal membrane exchange. To be more
specific, a small area of cells was irradiated with 413 nm laser and the fluorescent signal
was tracked over time. Based on such a strategy, monitoring the development of small

amount or even single cell temporally and spatially is possible.
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Figure 1.22 (A) Mechanism of photoactivation of GFP. (B) Purified PA-GFP was embedded in 15%

polyacrylamide beneath a coverslip and imaged by using low levels of 488-nm excitation before (pre-
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activation) and after 413-nm irradiation (post-activation) within the regions indicated by the red squares. (C
to E) Cells expressing PA-GFP— 1gp120 and loaded with rhodamine-labeled albumin were incubated on ice
for 15 min in the presence of 5 ng/ml nocodazole. Merged images shown before, 10 s, and 20 min after

photoactivation of the region indicated in red.

1.5. Scope of This Thesis

Extensive researches have been devoted to develop a suitable fluorophore, as well as a
strategy with high SNR, for bioimaging applications. However, because of the
hydrophobic nature of most fluorescent dyes, a guideline for developing the amphiphilic
carrier should be investigated. Additionally, there’s still room to improve fluorophores
with better quantum yields, higher photostability and better water-solubility.

In the course of study, I have developed a family of polymers incorporating fluorescent
chromophores based on an indole skeleton and their applications in bioimaging. In
chapter 2, nine amphiphilic macromolecules with decyl and polyethylene glycol side
chains, exhibiting different hydrophobic/hydrophilic ratio, polyethylene glycol length or
molecular weight, were synthesized from radical polymerization. The polymers assemble
into particles in neutral buffer and capture hydrophobic BODIPY in their interior. The
relationship between critical concentration, dye loading property, hydrodynamic diameter
and polymer structures were investigated. These provided a guideline to design self-
assembling supramolecular hosts with for the encapsulation of fluorescent guests and can
lead to ideal delivery vehicles for the imaging probes to target locations in biosystems'*!.
In chapter 3, a halochromic coumarin-oxazine fluorophore was connected to the side
chains of an amphiphilic polymer covalently, with folate ligands as targeting agents to
MCF-7 cancer cells. The pre-fluorophores did not produce any detectable fluorescence at

neutral pH, but are converted into fluorophores with red emission in acidic environment.
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Control experiments showed the function of folic acid as no fluorescent signals are detected
from folate-negative cells. Instead of covalently linking the pre-fluorophores, capsulation
of probes inside micelles cannot distinguish folate-positive from -negative cells, because
of leakage. Thus, this design offers the opportunity to highlight cancer cells selectively
with high brightness and optimal contrast'**'*, In chapter 4, we designed a
photoactivatable BODIPY with two oxazines attached. As a result, the oxazine
heterocycles can be disconnected stepwise upon UV irradiation and each product exhibit
different emission bands. When relative amounts of chromophores are placed in a
polystyrene bead matrix, the ratio of three component can be modulated by dose of
activating photons. This ratiometric strategy can be applied to write barcode inside
biosystems: different regions of a same animal can be labeled with different barcodes to

allow the monitoring of the spatiotemporal tracking.



CHAPTER 2 Structural Implications on the Properties of Self-Assembling
Supramolecular Hosts for Fluorescent Guests

2.1. Background
The covalent incorporation of hydrophobic and hydrophilic components within the same

83-85, 144 In

macromolecular skeleton results in the formation of amphiphilic polymers
aqueous solutions at appropriate concentrations, these macromolecules can assemble into
particles with nanoscaled dimensions. Noncovalent contacts between the hydrophobic
domains of independent polymer chains bring multiple macromolecular components
together in the form of discrete nanoparticles to avoid their direct exposure to water.
Concomitant solvation of the hydrophilic counterparts ensures the dispersion of the
resulting supramolecular assemblies in the aqueous medium and prevents their further
association into large aggregates. In the process of assembling, the amphiphilic
components can capture hydrophobic molecules and position them in the interior of the
nanostructured assemblies. Once encapsulated, the molecular guests can be transported by
their supramolecular host across hydrophilic environments. In fact, the unique properties
of self-assembling nanoparticles of amphiphilic polymers can be exploited to transfer,
otherwise insoluble, molecules into aqueous phases and carry them across physiological
media to target locations in biological specimens. Indeed, these supramolecular constructs
are becoming invaluable vehicles for the delivery of contrast agents and/or drugs in a
diversity of diagnostic and/or therapeutic applications!®!> 103 106,145

Self-assembling nanoparticles of amphiphilic polymers can capture hydrophobic

6

chromophores in their interior and transfer them into water'*. The supramolecular host

around the encapsulated molecular guests protects them from the aqueous environment

34
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and, generally, preserves their photochemical and photophysical properties. In fact, this
strategy permits the modular assembly of supramolecular constructs with multiple
chromophoric subunits in close proximity and the engineering of photoresponsive systems
with properties that would not be possible to replicate with the individual chromophoric

147-167

components on their own In our laboratories, we followed similar experimental

protocols to encapsulate fluorescent, photochromic and/or photocleavable guests inside

90, 94,124, 168175 We demonstrated that the photochemical and

such supramolecular hosts
photophysical properties of the entrapped species can be exploited to (1) modulate
fluorescence inside living cells with optical control'”®, (2) image the resulting
nanostructured constructs with subdiffraction resolution!’® 172173 (3) monitor their ability
to exchange their constituent components in the intracellular space’® 124 168 174 and (4)
probe their dynamics within hydrogels or developing embryos in real time!”!. In all these
experiments, however, we relied exclusively on one structural design for the self-
assembling amphiphilic building blocks. Specifically, we synthesized a
poly(methacrylate) backbone with a random distribution of decyl and oligo(ethylene
glycol) side chains. This particular polymer forms supramolecular hosts with fast kinetics
in neutral buffer that are capable of entrapping a diversity of hydrophobic guests and
transport them from the extracellular into the intracellular space. Such behavior is a
consequence of the amphiphilic character engineered into the macromolecular construct,
which, in turn, is related to the relative amount of hydrophobic and hydrophilic chains as
well as to their lengths. In principle, the modification of these parameters should (1) have

an influence on the ability of the amphiphilic components to associate, (2) control the

physical dimensions and stability of the resulting supramolecular hosts, (3) dictate the
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nature of the environment surrounding the entrapped guests and their exposure to the
aqueous phase as well as (4) affect the cellular uptake and intracellular localization of the
nanocarriers and their cargo. Thus, a systematic investigation of the influence that the
structural design of the individual amphiphilic building blocks can have on the properties
of the corresponding nanoparticles can provide fundamental insights on these fascinating
supramolecular systems and, possibly, guide the optimization of these promising delivery
vehicles. On the basis of these considerations, we envisaged the possibility of synthesizing
homologous series of macromolecules, differing in their amphiphilic character, and
investigating their ability to form supramolecular hosts for fluorescent guests in aqueous
solutions. In this article, we report the preparation and structural characterization of these
polymers together with spectroscopic investigations of their assembly into nanostructured
hosts for borondipyrromethene (BODIPY) guests.

2.2. Results and Discussion

2.2.1. Design, Synthesis and Structural Characterization

Macromolecules 1 and 2 (Figure 2.1) incorporate a random distribution of hydrophobic
and hydrophilic components along a common poly(methacrylate) backbone. They differ
in the number of repeating units integrated within their oligo(ethylene glycol) chains (/ in
Figure 2.1). They were prepared by the radical co-polymerization of 3 and either 4 or 5,
under the influence of azobis(i-butyronitrile) (AIBN), in tetrahydrofuran (THF). In both
instances, various amounts of 3 (0.05-3 mmol) were reacted with fixed aliquots of either 4
or 5 (0.5 mmol) and AIBN (0.03 mmol) at 75 °C for 3 days to produce polymers (1a, 1b,
1d—f or 2a—c in Table 1) with a ratio between hydrophobic and hydrophilic components

(m:n in Table 2.1 Structural parameters associated with 1a—f and 2a—c.) ranging from 8:1
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to 1:3. For each macromolecule, m:n was estimated from the integrals of the resonances
associated with the terminal methyl protons of the side chains in the corresponding 'H
nuclear magnetic resonance (NMR) spectrum. As an example, the 'H NMR spectrum
(Figure 2.1) of 1b, recorded in deuterated chloroform, shows peaks at 0.88 and 3.39 ppm
for the protons of the methyl groups at the termini of the hydrophobic and hydrophilic
chains respectively with relative intensities corresponding to a m:n ratio of 4:1.
Furthermore, the spectrum does not reveal any signals at chemical shifts greater than 5.0
ppm, where olefinic protons are expected to resonate, indicating that any unreacted
methacrylate monomers are effectively separated from the corresponding polymer in the

purification steps.
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Figure 2.1 Synthesis of 1 or 2 from 3 and 4 or 5 respectively.

Table 2.1 Structural parameters associated with 1a—f and 2a—c.

m:n [a] M, [b] PDI[b]  Dulc] Ws [d] Is[c]  Numle] C. [f]

(kDa) (m)  (kDa) (ug mL)
1a 6:1 19 1.28 36 1130 0.24 59 7.5
1b 4:1 21 1.32 26 580 0.25 26 16.7
Ic 4:1 81 111 20 716 0.27 8.8 7.1
1d 1:1 21 1.16 10 53 0.51 2.5 19.3
le 12 17 1.16 7 23 0.88 1.3 76.8
1f [g] 1:3 22 1.23 6 16 0.55 0.7 —
2a [h] 8:1 23 1.14 — — — — —

2b 3:1 19 1.26 14 109 0.24 5.7 12.9
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2¢ 1:1 19 1.16 11 88 0.32 4.6 9.5

[a] The ratio (m:n) between the hydrophobic and hydrophilic components of each macromolecule was

determined by 'H NMR spectroscopy in CDCls. [b] The average number molecular weight (M,) and
polydispersity index (PDI) of the macromolecules were determined by GPC in THF against
monodisperse polystyrene standards (2,700-200,000). [c] The hydrodynamic diameter (Dy) and
"supramolecular" polydispersity index (Is) of the nanoparticles were determined by DLS in PBS. [d]
The average "supramolecular" weight (Ws) of the nanoparticles was determined by SLS in PBS. [e]
The number (Nv) of macromolecules per nanoparticles is the ratio between Ws and M,. [f] The critical
concentration (C.) was determined by emission spectroscopy in PBS and the presence of 6. [g] 1f is
not able to solubilize 6 in PBS and the corresponding C. could not be determined. [h] 2a is not soluble
in PBS and the corresponding Dy, W5, Is, Ny and C, could not be determined. PDI and /s quantify the
widths of the distributions of the molecular weight of the individual macromolecules and the
hydrodynamic diameter of the corresponding nanoparticles respectively. The former parameter is the
ratio between the weight-average molecular weight and M, determined by GPC (ref. 176). The latter

parameter is the square root of the ratio between the standard deviation and DH (ref. 177).
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Figure 2.2 "H NMR spectrum (400 MHz, CDCl3, 25 °C) of 1b.

Gel permeation chromatography (GPC) of THF solutions of 1a, 1b, 1d-f and 2a—c¢
indicates their number-average molecular weight (Mn in Table 2.1) to range from 17 to 23
kDa with a polydispersity index (PDI in Table 2.1) varying from 1.14 to 1.32'7¢177 In
order to assess the influence of Mn on the ability of the amphiphilic macromolecules to

form nanoparticles, 3 and 4 were reacted in the presence of a tenth of the original amount
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of AIBN, under conditions otherwise identical to those employed for the preparation of 1b,
to generate 1c. The m:n of both polymers is 4:1, but the Mx of 1b is only 22 kDa while that
of 1c is 81 kDa.

All macromolecules readily dissolve in aqueous solution with the exception of 2a. This
particular polymer has a m:n of 8:1 in conjunction with a / of 12. Therefore, it is the
amphiphilic construct with the most pronounced hydrophobic character out of the nine
macromolecules investigated. Dynamic light scattering (DLS) measurements (Figure 2.9)
on phosphate buffer saline (PBS) solutions of the other eight polymers, at a concentration
of 0.5 mg mL!, indicate the hydrodynamic diameter (Du in Table 2.1) to range from 6 to
36 nm with a polydispersity index (Is) varying from 0.24 to 0.88'76177. Interestingly, Du
increases linearly with m:n for 1 (Figure 2.3) and remains approximately constant for each
polymer solution, maintained in the dark at ambient temperature, over the course of up to
4 days (Figure 2.10). A similar trend is observed also for the Du of 2, which drops from
14 to 11 nm with a decrease in m:n from 3:1 to 1:1. These results demonstrate that the
hydrophobic character of these amphiphilic constructs controls their ability to aggregate
into nanostructured particles in aqueous solution and that the physical dimensions of the
resulting supramolecular assemblies increase with the relative content of hydrophobic
components. Consistently, static light scattering (SLS) measurements reveal that the
"supramolecular" weight (Ws in Table 2.1) of the resulting assemblies also increases
monotonically with m:n (Figure 2.3) to range from 16 to 1130 kDa for 1. The ratio between
Ws and M for each polymer suggests that the average number (Nm) of amphiphilic
components in each nanostructured assembly varies from 2.5 to 59 and, yet again, increases

monotonically with m:n. For le and 1f, however, Ws and Mn are almost identical,
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indicating that these particular polymers remain isolated in aqueous solution instead of
assembling into supramolecular aggregates. In fact, they are significantly more hydrophilic

than any of the other macromolecules with m:n of 1:2 and 1:3 respectively.
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Figure 2.3 Dependence of Dy and Ws on m:n for 1a. 1b and 1d—f (0.5 mg mL-') in PBS at 22 °C.
Comparison of 1b and 1le¢, which have the same m:n but different Mn, shows minor
differences in Du and Ws but a significant change in Nm. Up to 26 independent
macromolecules are required on average to form a single nanoparticle of 1b, while only
8.8 are sufficient for 1¢. Thus, the elongation of the macromolecular backbone of the
individual amphiphilic building blocks reduces the number of separate components needed
for the noncovalent assembly of one nanoparticle.

2.2.2. Noncovalent Encapsulation of Fluorescent Chromophores

The absorption and emission spectra of 6 in THF (Figure 2.4) show maxima at 524 and
536 nm respectively. Essentially the same bands are observed also if 6 is combined with
appropriate amounts of 1a—e, 2b or 2¢ in PBS (Figure 2.4). In fact, the wavelengths (Aab
and Aem in Table 2.2 Photophysical parameters for 6 encapsulated within nanoparticles of
la—e, 2b and 2c¢[a].) of the absorption and emission maxima detected in aqueous media,

with the amphiphilic macromolecules, remain close to those measured in organic solution,
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without the polymers. However, the amount of polymer required to enable the
spectroscopic detection of the, otherwise insoluble, chromophore in PBS changes with the
amphiphilic character of the macromolecular construct. For example, the emission
intensity (Figure 2.4), detected after treating a fixed aliquot of 6 with PBS solutions
containing increasing amounts of either la or 1d, raises abruptly above a critical
concentration (Cc in Table 2.1) of either 7.5 or 19.3 ug mL™ respectively. These
observations suggest that the amphiphilic macromolecules form supramolecular hosts,
capable of capturing the fluorescent guests and allowing their detection in the aqueous
phase, only at concentrations greater than the corresponding C.. In agreement with this
interpretation, DLS measurements (Figure 2.5) show that Du increases by one order of
magnitude as the concentration of either 1a or 1d raises above the corresponding C..
Interestingly, comparison of the C. values determined with this protocol for 1a, 1b, 1d and
le clearly indicates that this parameter increases with a decrease in m:n. Specifically, Cc
varies from 7.5 to 76.8 ug mL™" with a change in m:n from 6:1 to 1:2 (Table 2.1 Structural
parameters associated with 1a—f and 2a—c.), suggesting that the hydrophobic content of the
macromolecular constructs controls their ability to aggregate into supramolecular hosts for
6. In fact, even relatively large concentrations of 1f, which is the polymer with the most
pronounced hydrophilic character, cannot solubilize the fluorescent chromophore in
aqueous environments to allow its detection. In agreement with this interpretation, the
stability of the nanocarriers and their ability to retain their fluorescent cargo also appear to
vary with m:n. At concentrations greater than the corresponding C. in PBS, the emission
intensity detected for 6 in the presence of 1a remains constant for hundreds of minutes

(Figure 2.11), while it gradually decreases over time in the presence of le. Thus,
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nanocarriers of the polymer with a predominant hydrophobic character (i.e., 1a) retain their

integrity and hold their cargo in the aqueous phase, while nanoparticles of the

macromolecules with a predominant hydrophilic character (i.e., 1e) slowly lose their

fluorescent guests with a concomitant decrease in the emission intensity.
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Figure 2.4 Normalized absorption and emission (Agx = 500 nm) spectra of either 6 (1 uM) in THF or

nanoparticles of 1a (0.5 mg mL™"), containing 6 (0.34 uM), in PBS recorded at 25 °C.

Table 2.2 Photophysical parameters for 6 encapsulated within nanoparticles of 1a—e, 2b and 2c¢[a].

Ao [b] Akm [b] Na [c] ¢ [d] Ksv [e]
(nm) (nm) (M)
la 526 538 0.63 (5.28) 0.59 72
1b 525 539 0.20 0.60 56
Ic 525 538 0.47 0.72 —
1d 525 537 0.02 0.39 29
le 526 539 0.005 (0.13) 0.09 8
2b 525 537 0.05 0.78 —
2¢ 525 539 0.04 0.73 —

[a] Absorption and emission spectra were recorded after combining CH>Cl; solutions of 6

(0.1 mM, 1 uL for Aab, Aem, Ng, ¢ and 10 uL for Ksv) and one of the polymers (2.5 mg

mL™", 0.2 mL), distilling the solvent off under reduced pressure, dispersing the residue in

PBS (1 mL) and passing the resulting dispersion through a nanoporous membrane. The

concentration of 6 in the filtrate was estimated from the absorbance at Aap, using the molar

absorption coefficient measured for this compound in THF. That of the polymer was 0.5

mg mL™" in all instances. [b] The wavelengths of the absorption (Aab) and emission (Agm)
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maxima were determined in PBS at 25 °C. In THF without macromolecules, Aap and Agm
are 524 and 536 nm respectively. [c] The average number (Ng) of fluorophores per
nanoparticle is the ratio between the molar concentrations of the molecular guests and the
supramolecular hosts. The values listed in parenthesis for 1a and 1e were determined at
the dye-loading (concentration of 6 = 2.3 uM) used for the lifetime (Figure 2.7) and FCS
(Figure 2.8) experiments. [d] The fluorescence quantum yield (¢) was determined against
a rthodamine 6G standard. In the absence of the macromolecules, ¢ is 0.73 and 0.50 for 6
and 8 respectively in THF and it is 0.58 for 8 in PBS. [e] The Stern—Volmer constant (Ksv)
was determined from plots (Figure 2.16) of the relative emission intensity against the
concentration of Nal in PBS at 25 °C. Under the same conditions without the

macromolecules, Ksy is 14 M™! for 8 (Figure 2.18).
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Figure 2.5 Plots of the emission intensity (Agx = 500 nm, Agm = 540 nm), recorded at 25 °C after combining
CH,Cl, solutions of 6 (0.1 mM, 0.1 mL) and either 1a or 1d (25 pg mL™, 4-800 pL or 2.5 mg mL™}, 12-25
pL), distilling the solvent off under reduced pressure, dispersing the residue in PBS (1 mL) and passing the
resulting dispersion through a nanoporous membrane, against the polymer concentration and statistical

distribution of Dy at the four concentrations indicated in the chart determined by DLS.

Samples for the spectroscopic measurements (Table 2.2 and Figure 2.4) were prepared by
combining aliquots of dichloromethane solutions of 6 and one of the amphiphilic polymers,
distilling the organic solvent off under reduced pressure, dispersing the residue in PBS and
filtering the resulting dispersion through a nanoporous membrane. In these particular
experiments, the amount of fluorescent guest in the initial organic solution was 0.08% w/w,
relative to the corresponding amphiphilic macromolecule. However, only a fraction of the
water-insoluble fluorophores is captured by the water-soluble macromolecules and

transported into the aqueous phase. Nonetheless, the concentration of 6 in the final
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solutions can be determined from the absorbance at the corresponding Aab, using the molar
absorption coefficient measured in THF, to estimate the average number (N in Table 2.2)
of fluorescent guests per supramolecular host. The resulting values of N range from 0.005
to 0.63 for la—d, 2b and 2¢. (The values of NG are the ratios between the molar
concentrations of the molecular guests, measured by absorption spectroscopy, and those of
the supramolecular hosts, determined from the mass of corresponding polymer. As a result,
these estimates assume that the molecular guests are evenly distributed across the entire
population of supramolecular hosts. Alternatively, groups of guests can aggregate, when
exposed to the aqueous solution, and the resulting aggregates can be encapsulated within a
fraction of the nanocarriers, while the rest of the supramolecular containers remains empty.
FCS and lifetime measurements are indicative of significant interchromophoric
interactions and, therefore, are consistent with the latter interpretation.) These particular

loading conditions ensure a relatively high fluorescence quantum yield (¢ in Table 2.2).

Indeed, ¢ varies from 0.39 to 0.78 and, in some instances, approaches the value determined
for 6 in THF (i.e., 0.78).

The behavior of 1e is instead significantly different. This particular polymer has NG and ¢
of only 0.005 and 0.09 respectively (Table 2.2) at identical loading conditions.
Presumably, the pronounced hydrophilic character of this amphiphilic macromolecule
limits the ability of the resulting supramolecular hosts to accommodate fluorescent guests
and to protect them from the surrounding aqueous environment. In agreement with this
interpretation, comparison of the dependence of the absorption and emission spectra
(Figure 2.6) on guest loading for 1a and 1e shows significant differences. For the polymer

with predominant hydrophobic character (i.e., 1a), the characteristic BODIPY absorption
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grows with guest loading without shifting. The shape of the spectrum recorded at low guest
loading is identical to that observed in either THF (Figure 2.4) or ethanol, indicating that 6
is present predominantly as a monomer inside the nanoparticles. At higher concentrations,
however, the absorption spectrum shows an increase in the contribution of the shoulder at
495 nm. This trend is indicative of ground-state dimerization of the BODIPY
chromophore!”® and is obvious from the bottom panel of Figure 6, which plots the ratio
between the absorbance values (4495 and A4s27) at 495 and 527 nm as a function of guest
loading. Ratios (A4495/As27) of 0.30 and 0.70 were measured in ethanol and in an
ethanol/water (1:10, v/v) mixture respectively (Figure 2.12). The spectral characteristics
of the dimer (i.e., high A49s5/4527 ratio) are evident even at low guest loading for the
macromolecule with predominant hydrophilic character (i.e. 1e). Even more, the band
shifts bathochromically at high guest concentrations (Figure 2.12), indicating strong
interchromophoric interactions that arise from exposure to the surrounding aqueous buffer.
These interactions result in fluorescence self-quenching, as evidenced by the significantly
lower fluorescence intensity measured at large guest concentrations (Figure 2.6) in 1e, but
not 1a. Put together, these observations suggest that the chromophores remain fairly
isolated from each other within nanoparticles of 1a at moderate loading ratios, but not at
high loads where the A495/4527 ratio shows signs of aggregation. In the case of 1e, on the
other hand, pronounced electronic interactions in the ground state lead to changes in the
absorption spectrum and depressive effects on the radiative efficiency, even at the lowest

guest concentration investigated in this study.
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Figure 2.6 Absorption and emission (Agx = 500 nm) spectra recorded at 25 °C after combining CH>Cl,

solutions of 6 (0.1 mM, volume indicated in the chart) and either 1a or 1e (1 mg mL™!, 0.5 mL), distilling the

solvent off under reduced pressure, dispersing the residue in PBS (1 mL) and passing the resulting dispersion

through a nanoporous membrane. Plots of the ratio (4495/4527) between the absorbance values at 495 and 527

nm in the spectra for 1a or 1e against the volume of the initial solution of 6. A value of 0.30 for As9s/4s27

was measured in EtOH (monomeric BODIPY). Larger ratios indicate an increasing contribution of the dimer.

This conclusion is further supported by the results of time-correlated single photon

counting (TCSPC) experiments, which show lifetimes that are highly dependent on guest

loading and emission wavelength in the case of 1e, but not 1a. Two lifetimes (5.1 and 1.9

ns) were needed to fit the fluorescence decays of 6 incorporated into 1a. The longest
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lifetime is identical to the value measured in chloroform (5.1 ns) and its fractional
contribution decreases slightly with increasing guest concentration (a in Figure 2.7). The
fluorescence decays of 6 encapsulated inside 1e are significantly different. A third short
lifetime (<200 ps) is needed to fit the decays and the fractional contribution of this
component increases with guest loading and increasing emission wavelength (b in Figure
2.7 and Table 2.3). The same dependence on guest concentration was observed in
experiments with samples prepared independently containing different concentrations of
6, and with samples prepared using a high concentration of 6 that were subsequently diluted
with empty hosts. This result indicates that filled and empty hosts are able to interact and
exchange their cargo, thus redistributing the concentrated dye in a larger number of hosts.
a . b
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Figure 2.7 Fluorescence intensity decays of 6 encapsulated within nanoparticles of either 1a (a and c) and

1e (b and d) dispersed in PBS. Panels a and b show the effect of increasing guest loading and panels ¢ and d

show the effect of increasing emission wavelength. a: Agx = 525 nm, Agm = 555 nm, concentration of 6 = 3.0
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(blue), 1.9 (red) or 1.6 uM (black). b: Apx = 525 nm, Agm = 555 nm, concentration of 6 = 2.3 (blue), 1.0 (red)
or 0.5 uM (black). c: Agx = 500 nm, concentration of 6 = 2.5 UM, Agm = 570 (blue), 550 (red) or 530 nm
(black). d: Agx =500 nm, concentration of 6 = 1.0 UM, Agm = 570 (blue), 555 (red) or 540 nm (black). Decays

were fitted with a sum of exponentials (Table 2.3).

The same wavelength-dependent behavior observed with 6 encapsulated in 1e was also
observed in measurements of 6 dissolved in an ethanol/water (1:10, v/v) mixture (Figure
2.13 and Table 2.3) and was also reported for a similar BODIPY in organic solvent/water
mixtures!”. This trend is consistent with the formation of excimers, which are formed
when the hydrophobic chromophore is exposed to water. These interchromophoric
interactions occur to a greater extent in 1e than 1a, because the hydrophilic character of the
former polymer limits the ability of the supramolecular host to protect the fluorescent
guests from the surrounding water molecules.

The difference between the environments that nanoparticles of 1a and 1e provide to the
encapsulated chromophores is also evident from their response to the presence of
quenchers in the surrounding aqueous medium. Specifically, the emission intensity of 6,
entrapped within nanocarriers of le at a guest loading of 1.9% w/w, decreases to 57%
(Figure 2.16) after the addition of 4,000 equivalents of Nal, relative to the BODIPY guest,
and remains constant for hours. When 1a is employed in place of 1e, under otherwise
identical conditions, the emission intensity drops to 36% (Figure 2.16), immediately after
the addition of the quencher, and decreases further to a stationary value over the course of
tens of minutes. The same experiment performed in the absence of macromolecules with
a water-soluble analog of 6, in the shape of 8 (compound 8 was prepared in one step from
known precursors (Figure 2.11). Its absorption and emission spectra (Figure 2.12) show the

characteristic bands of the BODIPY chromophore with negligible solvent dependence. ¢
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15 0.50 in THF and 0.58 in PBS (Table 2).), shows a behavior very similar to that observed
for 1e. The emission intensity decreases to 40% (Figure 2.16), but then remains constant
for hours. These observations suggest that the hydrophobic character of 1a slows access
of the iodide quenchers to the BODIPY fluorophores, delaying the time required to reach
a stationary state, but ultimately enhances quenching efficiency, leading to a pronounced
fluorescence decrease. Consistently, Stern—Volmer plots, performed with equilibrated
solutions of nanoparticles of 1a, 1b, 1d and le, containing 6 at a guest loading of 1.9%
w/w in the presence of increasing amounts of Nal, show linear correlations (Figure 2.17)
with a significant dependence of the slope on m:n. In particular, the Stern—Volmer constant
(Ksv in Table 2.2) increases from only 8 M™! for the most hydrophilic polymer (i.e., 1e) to
72 M™! for the most hydrophobic macromolecule (i.e., 1a) (A similar analysis (Figure 2.15)
indicates Ksv to be 20 M~! (Table 2.2) for 8 in the absence of macromolecules.).

2.2.3. Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) measurements were carried out using
nanoparticles of 1a and 1le, containing 6 at different fluorophore/polymer ratios. Briefly,
FCS is a technique that relies on the measurement of the fluorescence intensity fluctuations
of a small number of molecules contained in an optically-restricted volume!8%!8! The
temporal behavior of the measured fluorescence fluctuations are analyzed by means of the
autocorrelation function (G(t)), which contains dynamic information of the different
processes that give rise to the measured fluctuations. Brownian motion is the main source
of fluorescence fluctuations on the millisecond timescale, under the experimental
conditions used in this work!'®!. Therefore, the analysis of the measured autocorrelation

function yields the diffusion coefficient of the diffusing particles (in this case the guest-
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filled supramolecular hosts). The autocorrelation function of a solution containing N

fluorescent species is described by:!®!

-1
L NB? (1+205)

(ZILV=1 NiBi)z

where T is the correlation lag time, 7o is the radial semiaxis of the Gaussian observation

G(t) =

(1)

volume, Ni is the average number of molecules of species i in the observation volume, Bi
is their molecular brightness, and D; their diffusion coefficient. This equation assumes that
the volume is elongated in the axial direction (i.e., fluctuations in the axial direction do not
contribute to the autocorrelation function), which is the case of our experimental setup.
For a single species (N = 1), the amplitude of the autocorrelation function (t = 0 in Eq. 1)
equals the inverse of the average number of particles (Go= (N) ') present in the observation
volume (V), and is related to the average concentration of diffusing particles (C) as Go =
(V' Na €)', where Na is Avogadro's number. A value of V= 7.4 fL was obtained from the
linear relationship between Go ' and C using 0.1-100 nM solutions of 6 in ethanol (inset
in a of Figure 2.8). If species of different relative brightnesses are simultaneously present
in the observation volume (e.g., hosts containing different amounts of guests), Go takes the
form:

N N;B? 1 BB 1 0%+ u?
GO = N 2 = D[22 =N 2
QLiN;B)?  (iN)BBE Np

(2)
Where 6% and [ are the variance and mean of the probability density function describing
the distribution of brightnesses. Therefore, the inverse of Go gives an apparent number of

particles that deviates from the true number of particles Nt by the factor (1 + a2 /u?)™.



51

500

400

300

—— 2004

100

¢ (M)
®

800+

600 ®
A 400 o b
G, P

2004 /.

?
5 L-.—.——‘_‘_. e
¥ T L T
0 1x107® 2x10°%

c (M)
Figure 2.8 Plots of the inverse G, values, obtained from fitting all autocorrelation decays to Eq. 1, against

the concentration of 6. (a) The nanoparticles were prepared with the highest guest concentration and were
subsequently diluted with PBS buffer. (b) The nanoparticles were prepared with the highest guest
concentration and were subsequently diluted with solutions of empty supramolecular hosts. Results for 1a
and le are shown as red and black circles respectively. The inset in panel a shows data measured for 6 in

EtOH. Lines in panel a are the result of linear regression. Lines in b are just visual guides.

Measurements with 6 incorporated into nanoparticles of either 1a or 1e resulted in FCS
amplitudes that appeared to be off by more than one order of magnitude with respect to
what was expected for a given concentration of dye (a in Figure 2.8). For example, the

FCS amplitude of a 1 uM solution of 6, encapsulated within nanoparticles of 1a, was the
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same as the amplitude measured with a 71 nM solution of 6 in ethanol. Taking into account
that the observation volume measured with solutions of 6 in ethanol was 7.4 fL, and
assuming that the distribution of guests follows a Poisson distribution and that the
brightness of each nanoparticle is proportional to the number of guests, these results
translate into an average number of guests per host of 13. This number is about five times
higher than the average number of fluorophores per nanoparticle expected from the Ng
values determined as the ratio between the molar concentrations of the molecular guests
and the supramolecular host (Table 2.2). This is somewhat expected given that the
absorption spectrum and fluorescence intensity decay of these nanoparticles already show
signs of some aggregation, so it is likely that the brightness of each particle is not truly
proportional to the number of encapsulated guests. The results of experiments with 6
incorporated into nanoparticles of 1e (a in Figure 2.8) show even greater deviations from
the values expected at a given concentration of dye. The ratio of the slopes of the
measurements with 1e and ethanol translates to 63 guests per host, which is implausible in
light of the spectroscopic results that suggest that 1e cannot accommodate fluorescent
guests efficiently because of its hydrophilic character. The shape of the fluorescence
intensity decay measured with these nanoparticles (b in Figure 2.7) suggests that the
distribution of brightnesses is very broad, and that a significant fraction of particles will
not be detected during data acquisition because of severe quenching. These two factors
contribute to an apparent number of particles that is significantly lower than that measured
with 1a (Eq. 2).

All autocorrelation decays could be fitted with one diffusion term (Eq. 1), suggesting a

narrow distribution of the nanoparticle dimensions consistently with the DLS
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measurements. In addition, the position of the autocorrelation function does not change,
when the samples are diluted sequentially using aqueous buffer (Figure 2.19). These
observations show that the amount of free guests in the aqueous buffer is negligible.
Significant amounts of free guests would give rise to a clear second faster component in
the autocorrelation function, provided that the partition equilibrium between the
nanocarriers core and the aqueous medium is slow compared with diffusion'®?. If the guest
exchange is faster than the diffusion of either species, then the two species cannot be
resolved by FCS and an average diffusion coefficient is obtained instead. In this case, the
mean diffusion time is expected to increase with polymer concentration, as the free guest
partitions into the supramolecular hosts'®2. These results are consistent with the very low
solubility of 6 in PBS, which was determined to be less than 100 pM, and with energy-

transfer experiments'®®

, which suggested that the hydrophobic chromophores do not
separate from the amphiphilic polymers to escape into the bulk aqueous solution.

The results of the FCS experiments are significantly different if solutions of filled hosts are
diluted with solutions of empty hosts, instead of buffer. In the experiments discussed
above, sequential dilutions with buffer do not change the guest/polymer ratio, and because
the hydrophobic chromophores are not soluble in the aqueous phase, the average number
of molecular guests per supramolecular host does not vary upon dilution. This results in a
linear change of the inverse amplitude of the autocorrelation function when the
nanoparticles are diluted with PBS buffer (a in Figure 2.8). In this new set of experiments,
solutions of guest-filled hosts were diluted with solutions of hosts prepared without guests

(empty), in order to decrease the guest/polymer ratio while keeping the total concentration

of polymer constant. As shown in b of Figure 2.8, the reciprocal of the FCS amplitude
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(Go ") does no longer increase linearly with guest concentration. The fact that diluting with
empty hosts leads to markedly different results than diluting with aqueous buffer indicates
that hosts containing guests exchange their cargo with empty hosts, which may lead to
changes in the mean and variance of the distribution of particle brightnesses. For 1e, the
apparent number of particles in the observation volume does not change when particles
containing a total of 2.2 uM BODIPY dye are diluted twofold, in sharp contrast to the
factor of two expected because of the increase in the sample volume. A comparison
between the TCSPC decays observed at high and low guest concentrations indicates that
the distribution of lifetimes shifts to a lower average value and gets broader as the
concentration of guest increases. Both effects contribute to the lower apparent number of
particles observed at high guest concentrations, as observed experimentally (b in Figure
2.8). The curvature observed with 1a is not as marked as with 1e, which is consistent with
the results of the spectroscopic experiments that show a lower degree of interchromophoric
effects at the same dye concentration.

2.3. Conclusions

Amphiphilic macromolecules with a random distribution of decyl and oligo(ethylene
glycol) side chains along a common poly(methacrylate) backbone can be prepared from
the corresponding hydrophobic and hydrophilic methacrylate monomers under the
influence of a radical initiator. The resulting macromolecules readily dissolve in neutral
buffer, if the ratio (m:n) between their hydrophobic and hydrophilic components is lower
than 8:1, and assemble spontaneously into particles with nanoscaled dimensions, when m:n
is higher than 1:3. The hydrodynamic diameter (Dn) of the self-assembling nanoparticles

ranges from 6 to 36 nm. Their supramolecular weight (Ws) varies from 16 to 1130 kDa.
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The average number of macromolecules per nanoparticle (Vm) changes from 2.5 to 59. All
three parameters (Du, Ws and Nm) increase monotonically with m:n.

Hydrophobic BODIPY chromophores can be encapsulated within the hydrophobic interior
of all self-assembling nanoparticles in neutral buffer, if the polymer concentration is greater
than a critical value (Cc) ranging from 7.1 to 76.8 pug mL™!' with the composition of the
macromolecule. Specifically, Cc decreases as m:n increases. When the average number
(Nc) of encapsulated molecular guests per supramolecular host is lower than 0.63, the
absorption and emission bands of the entrapped chromophores are identical to those
observed in organic solvents and remain unaffected upon storage for days, as long as m:n
is greater than 1:2. At these loading conditions, the fluorescence quantum yield (¢r)
increases from 0.39 to 0.78 with m:n and, for the polymer with the highest relative
hydrophobic content, is essentially identical to that measured in THF. As the guest loading
increases, interchromophoric interactions lead to significant changes in the shape of the
absorption spectrum and a depressive effect on the radiative efficiency of the encapsulated
guests.  Consistently, the fluorescence of the entrapped chromophores decays
multiexponentially with fractional contributions that change with guest loading and
emission wavelength. Once again, these effects are also related to m:n. A decrease in the
relative hydrophobic content tends to promote interactions between encapsulated guests
and excimer formation can even be observed for the most hydrophilic supramolecular host.
Similarly, an increase in the relative hydrophilic content also facilitates the access of
hydrophilic quenchers to the encapsulated guests, which remain relatively shielded in the

most hydrophobic supramolecular host instead.
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FCS measurements confirm the entrapment of the small fluorescent guests into large
supramolecular hosts and do not reveal any free fluorophores diffusing in the bulk aqueous
solution. These experiments also show that groups of chromophores are entrapped within
the same supramolecular container at high guest loading conditions, and that guests
redistribute when mixed with empty hosts.

In summary, our results concur in demonstrating that m:n is the main structural parameter
that ultimately controls the properties of these self-assembling supramolecular hosts. The
tendency of the amphiphilic building blocks to form nanoparticles, the physical dimensions
of the resulting assemblies and the ability of these supramolecular hosts to encapsulate
fluorescent guests, while preserving their photophysical properties and shielding them from
the surrounding environment, all increase with the relative hydrophobic content. Indeed,
an excess of hydrophobic side chains, relative to their hydrophilic counterparts, is essential
to produce optimal supramolecular hosts. When the former components are decyl chains,
the latter are oligo(ethylene glycol) tails and the macromolecular backbone is a
poly(methacrylate) scaffold, the best choice for m:n is a value of 6:1 in the shape of
polymer 1a. Thus, this particular structural composition appears to be the ideal one for the
further development of our experimental protocols to deliver and operate photoresponsive
molecules within live cells and developing embryos®® 74 124 168-175,

2.4. Experimental Procedures

Chemicals were purchased from commercial sources and used as received. CH2Cl2 and
MeCN were distilled over CaHz. THF was distilled over Na and benzophenone. H20 (18.2
MQ-cm) was purified with a Barnstead International NANOpure Dlamond Analytical

system. Compounds 3, 4, 6 and 7 (Figure 2.14) were prepared according to literature
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procedures!’> 183-184,

GPC was performed with a Phenomenex Phenogel 5-um MXM
column (7.8 x 300 mm) operated with a Varian ProStar system, coupled to a ProStar 330
photodiode array detector, in THF at a flow rate of 1.0 mL min~'. Monodisperse
polystyrene standards (2,700-200,000) were employed to determine the M» and PDI of the

1'85, Matrix-assisted laser-

polymers from the GPC traces, following a literature protoco
desorption ionization (MALDI) mass spectra were recorded with a Bruker BioFlex IV
spectrometer. NMR spectra were recorded with a Bruker Avance 400 spectrometer. DLS
measurements were performed with a Malvern ZEN1600 apparatus. The values listed for
Du in Table 1 are averaged over ten independent experiments of ten runs of 10 s each. SLS
measurements were performed with the same apparatus. The values of Ws listed in Table
1 were determined from the concentration dependence of the scattering intensity, following
a literature protocol. Absorption spectra were recorded with a Varian Cary 100 Bio
spectrometer, using quartz cells with a path length of 1.0 cm. Emission spectra were
recorded with a Varian Cary Eclipse spectrometer in aerated solutions. Fluorescence
quantum yields were determined with a rhodamine 6G standard, following a literature
protocol!.

Synthesis of 1a—e. A solution of 3 (a =565 mg, 3 mmol; b and ¢ =452 mg, 2 mmol; d =
113 mg, 0.5 mmol; e =23 mg, 0.1 mmol; f= 11 mg, 0.05 mmol), 4 (1.0 g, 0.5 mmol) and
AIBN (a, b and d—f= 5 mg, 0.03 mmol; ¢ = 0.5 mg, 0.003 mmol) in degassed THF (8 mL)
was heated at 75 °C for 3 days in a sealed tube. After cooling down in an ice bath, the
solvent was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO2, CHCl3/MeOH (40:1, v/v)] to give the corresponding polymer as a

white solid.
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1a (1.13 g): GPC: Ma = 19.0 kDa, PDI = 1.28. '"H NMR (CDCl3): § = 0.84-0.93 (18H, br
s), 0.97-1.09 (6H, br s), 1.22—-1.39 (54H, br s), 1.69-1.77 (6H, br s), 3.37-3.41 (3H, s),
3.54-3.77 (~180H, m), 3.87-4.02 (7H, br s), 4.06-4.16 (2H, br s).

1b (813 mg): GPC: My =21.0 kDa, PDI = 1.32. 'H NMR (CDCI3): § = 0.84-0.93 (11H,
br s), 0.97-1.09 (3H, br s), 1.22-1.39 (33H, br s), 1.69—-1.77 (5H, br s), 3.37-3.41 (3H, s),
3.54-3.77 (~180H, m), 3.87—4.02 (4H, br s), 4.06-4.16 (2H, br s).

1c (613 mg): GPC: Ma=81.0 kDa, PDI=1.11. 'H NMR (CDCl3): § = 0.84-0.93 (11H, br
s), 0.97-1.09 (4H, br s), 1.22-1.39 (35H, br s), 1.69-1.77 (8H, br s), 3.37-3.41 (3H, s),
3.54-3.77 (~180H, m), 3.87—4.02 (4H, br s), 4.06-4.16 (2H, br s).

1d (745 mg): GPC: My =21.0 kDa, PDI = 1.16. '"H NMR (CDCl3): § = 0.84-0.93 (3H, br
s),0.97-1.09 (3H, brs), 1.22—-1.39 (9H, br s), 1.69-1.77 (6H, br s), 3.37-3.41 (3H, s), 3.54—
3.77 (~180H, m), 3.87-4.02 (1H, br s), 4.06-4.16 (2H, br s).

le (710 mg): GPC: Mn=17.0 kDa, PDI = 1.16. 'H NMR (CDCls): 6 = 0.84-0.93 (2H, br
s),0.97-1.09 (3H, brs), 1.22—-1.39 (5H, brs), 1.69-1.77 (6H, br s), 3.37-3.41 (3H, s), 3.54—
3.77 (~180H, m), 3.87-4.02 (1H, br s), 4.06-4.16 (2H, br s).

1f (548 mg): GPC: Mn = 22.0 kDa, PDI = 1.23. 'H NMR (CDCI3): § = 0.84-0.93 (1H, br
s),0.97-1.09 (3H, brs), 1.22—-1.39 (4H, brs), 1.69-1.77 (5H, br s), 3.37-3.41 (3H, s), 3.54—
3.77 (~180H, m), 3.87-4.02 (1H, br s), 4.06-4.16 (2H, br s).

Synthesis of 2a—c. A solution of 3 (a=1.13 g, 5 mmol; b =262 mg, 1 mmol; ¢ = 75 mg,
0.3 mmol), § (640 mg, 1 mmol) and AIBN (5 mg, 0.03 mmol) in degassed THF (8 mL)
was heated at 75 °C for 3 days in a sealed tube. After cooling down in an ice bath, the

solvent was distilled off under reduced pressure. The residue was purified by column
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chromatography [SiO2, CHCl3/MeOH (40:1, v/v)] to give the corresponding polymer as a
colorless oil.

2a (833 mg): GPC: M, = 23.0 kDa, PDI = 1.14. 'H NMR (CDCl3): § = 0.84-0.93 (36H,
brs), 0.97-1.09 (7H, brs), 1.22-1.39 (115H, br s), 1.69—-1.77 (5H, br s), 3.37-3.41 (3H, s),
3.54-3.77 (~52H, m), 3.87-4.02 (15H, br s), 4.064.16 (2H, br s).

2b (416 mg): GPC: My = 19.0 kDa, PDI = 1.26. 'H NMR (CDCl3): § = 0.84-0.93 (10H,
brs), 0.97-1.09 (3H, br s), 1.22-1.39 (24H, br s), 1.69-1.77 (3H, br s), 3.37-3.41 (3H, s),
3.54-3.77 (~52H, m), 3.87-4.02 (4H, br s), 4.06-4.16 (2H, br s).

2¢ (368 mg): GPC: My =19.0 kDa, PDI = 1.16. '"H NMR (CDCl3): § = 0.84-0.93 (4H, br
s),0.97-1.09 (3H, brs), 1.22-1.39 (9H, brs), 1.69-1.77 (2H, br s), 3.37-3.41 (3H, s), 3.54—
3.77 (~52H, m), 3.87-4.02 (1H, br s), 4.06—4.16 (2H, br s).

Synthesis of 5. A solution of N,N'-dicyclohexylcarbodiimide (DCC, 4.6 g, 22 mmol) in
CH2Cl2 (20 mL) was added dropwise, over the course of 20 min, to a solution of
polyethylene glycol (Mn = 0.6 kDa, 12.0 g, 20 mmol), 4-dimethylaminopyridine (DMAP,
2.3 g, 20 mmol), and methacrylic acid (1.8 g, 22 mmol) in CH2Cl2 (100 mL) maintained at
0 °C. The reaction mixture was allowed to warm up to ambient temperature and then was
stirred for 12 hours under these conditions. The resulting precipitate was filtered off and
the solvent of the filtrate was distilled off under reduced pressure. The residue was purified
by column chromatography [SiO2, CH2Cl2/MeOH (10:1, v/v) to afford 5 (6.8 g, 53%) as a
colorless oil. ESIMS: m/z =659 [M + H]*. '"HNMR (CDCl3): 6 = 1.89 (3H, s), 3.39 (3H,
s), 3.50-3.72 (~44H, m), 4.25 (2H, s), 5.52 (1H, s), 6.08 (1H, s).

Synthesis of 8. A solution of 7 (106 mg, 0.3 mmol), poly(ethylene glycol) methyl ether

(Mn=2,000, 600 mg, 0.3 mmol), and 4-(N,N-dimethylamino)pyridine (DMAP, 31 mg, 0.3
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mmol) in CH2Cl2 (30 mL) was stirred for 10 min at 0 °C. N,N'-Dicyclohexylcarbodiimide
(DCC, 62 mg, 0.3 mmol) was added and the resulting solution was stirred for a further 30
min at 0 °C. The mixture was allowed to warm up to ambient temperature, stirred for 24
hours under these conditions and filtered. The filtrate was concentrated under reduced
pressure and the residue was purified by column chromatography [SiO2, CH2Cl2/ MeOH
(95:5, v/v)] to give 8 (162 mg, 27%) as a red solid. MALDI: m/z = 2404 [M + H]*; 'H
NMR (CDCls): 6 =8.20 (2H, d, 8 Hz), 7.42 (2H, d, 8 Hz), 4.00-3.51 (176H, m), 3.40 (3H,
s), 2.53 (6H, s), 2.32 (4H, q, 8 Hz), 1.28 (6H, s), 1.00 (6H, t, 8 Hz).

Doped Polymer Nanoparticles. CH2Cl> solutions of 6 (0.1 mM, 1-1000 uL) and one of
the polymers (2.5 mg mL !, 0.2 mL or 1 mg mL™!, 0.5 mL) were combined. The solvent
was distilled off under reduced pressure, the residue was dispersed in PBS (1 mL) and the
mixture was sonicated for 5 min. After storage for 10 min at ambient temperature, the
dispersion was passed through a syringe filter with a pore size of 200 nm and the filtrate
was used for the imaging and spectroscopic experiments without further purification. The
concentration of 6 in the filtrate was estimated from the absorbance at Aab (Table 2), using
the molar absorption coefficient measured for this compound in THF.

TCSPC. Lifetime measurements were performed in a TCSPC setup. The excitation light
was a Fianium supercontinuum laser (SC-450-4-PP) operating at 20 MHz equipped with
an Acousto-Optic Tunable Filter (AOTF) to select the excitation wavelength. A polarizer
in the excitation pathway was used to excite the sample with vertically-polarized light.
Samples were contained in standard 1 cm path length fluorescence cuvettes. The emission
polarizer was set at the magic angle (54.7° with respect to the excitation) to eliminate

artefacts in the data due to anisotropic properties, such as rotational diffusion. The
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wavelengths of collected emission were selected by an emission monochromator and the
signal was detected with a Hamamatsu MCP-PMT R3809U-50 photomultiplier tube. The
TCSPC decay curves were recorded by a Becker and Hickl TCSPC Timing Card (B&H
SPC830). All TCSPC decay curves were analyzed using ASUFIT, a MATLAB-based
program developed at ASU that uses a standard deconvolution procedure and nonlinear
regression. The instrument response function (IRF) was measured by scattering excitation
light off of a 3% Ludox solution. Typically, the IRF was around 50-80 ps. The
fluorescence intensity decay was fit to a sum of exponentials. The goodness of the fit was
judged by the ¥ value and the randomness of the residuals.

FCS. Measurements were carried out using a setup built in-house and described

elsewhere!3¢-187,

Briefly, the instrument uses a continuous 532 nm Coherent Compass
215M-10 laser, an oil-immersion objective lens (Olympus Apochromat 100x/1.4 NA),
avalanche photodiode detectors (Perkin Elmer SPCM AQR-14) and a dedicated hardware
correlator card (ALV-5000/EPP Multiple Tau Digital Correlator). The samples were
placed in silicone perfusion chambers on a glass coverslip. For every series of FCS
measurements, the setup was calibrated with a rhodamine dye of known diffusion
coefficient (TAMRA, 420 pm? s71)!88-189 " Aytocorrelation curves of free TAMRA were fit
with Equation 1 with the known diffusion coefficient fixed in order to determine the radial
semi-axis of the observation volume (r0). The autocorrelation curves obtained with the

micelles were then analyzed with the same equation to determine the diffusion coefficient

(D).
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Figure 2.9 Statistical distributions of Dy for 1a—f, 2b and 2¢ (0.5 mg mL™") determined by DLS in PBS at

22 °C.
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Figure 2.10 Temporal dependence of Dy for 1a, 1b and 1d-f (0.5 mg mL™") in PBS at 22 °C.
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Figure 2.11 Emission intensity (Aex = 500 nm, Agm = 540 nm) of nanoparticles of either 1a or 1e, containing
6 (6.6 uM for 1a and 3.9 uM for 1e), recorded in PBS at 25 °C.
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Figure 2.12 Normalized absorption spectra of 6 in EtOH, EtOH/H»O (1:10, v/v) or after combining CH,Cl»
solutions of 6 (0.1 mM, volume indicated in the chart) and 1e (1 mg mL™!, 0.5 mL), distilling the solvent off
under reduced pressure, dispersing the residue in PBS (1 mL) and passing the resulting dispersion through a

nanoporous membrane.
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EtOH/H,0 (1:10, V/v)

Figure 2.13 Fluorescence intensity decays [Agx = 500 nm, Agm = 570 (blue), 550 (red) or 530 nm (black)] of
6 in EtOH or EtOH/H,0 (1:10, v/v). Decays were fitted with a sum of exponentials (Table 2.3).
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Figure 2.14 Synthesis of 8.
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Figure 2.15 Normalized absorption and emission (Aex = 500 nm) spectra of 8 in THF or PBS at 25 °C.
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Figure 2.16 Temporal evolution of the emission intensity (Agx = 500 nm, Agm = 540 nm) of nanoparticles of
1a or 1e, containing 6 (7.2 uM for 1a and 2.8 uM for 1e), recorded in PBS at 25 °C after the addition of Nal
(0.1 mM) and reported relative to that measured in the absence of Nal, together with the relative emission

intensity of 8 (0.1 mM) recorded after the addition of Nal (0.1 mM) under the same conditions.



Table 2.3 Fitting parameters [a] for the fluorescence decays of 6 [b].

66

AEx AEm T % T % T3 %

(nm) (nm) (ns) (ns) (ns)
1a (2.48 uM) 500 530 5.8 78 13 22% — —
500 550 5.8 82 1.8 18% — —
500 570 5.9 77 3.0 23% — —
Te (1 uM) 500 540 6.1 34 1.1 19% 0.1 47
500 555 5.8 22 1.2 22% 0.2 56
500 570 5.6 16 1.1 25% 0.2 59
1a(1.64 uM) 525 555 5.1 64 1.9 36% — —
1a (193 uM) 525 555 5.4 63 1.8 37% — —
1a (3.04uM) 525 555 47 53 1.7 47% — —
le (0.52 uM) 525 555 5.8 30 1.2 26% 0.08 44
Le (1 uM) 525 555 5.7 24 1.1 24% 0.2 52
le(23uM) 525 555 5.8 14 0.7 17% 0.1 69
EtOH/H,0 500 530 5.0 14 1.5 7% 0.02 79
(1:10, vv) 500 550 5.1 19 1.3 7% 0.05 74
500 570 48 6 0.7 6% 0.05 88
500 530 5.3 100 — — — —
EtOH 500 550 5.3 100 — — — —
500 570 52 100 — — — —

[a] The fluorescence decays (Figure 2.7 and Figure 2.13) were fitted with one, two or three exponential
terms, as needed to obtain random residuals. [b] The concentration of 6 is listed in parentheses for the

experiments with 1a and 1e.
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Figure 2.17 Plots of the relative emission intensity (Agx = 500 nm, Agm = 540 nm) of nanoparticles of 1a, 1b,
1d or 1e, containing 6 (7.2 uM for 1a, 7.8 uM for 1b, 2.8 uM for 1d and 2.8 uM for 1e), recorded in PBS at

25 °C after the addition of increasing amounts of Nal and storage in the dark for 3 hours, against the iodide

concentration.
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Figure 2.18 Plot of the relative emission intensity (Aex = 500 nm, Agm = 540 nm) of 8 (25 uM), recorded at

25 °C in PBS and the presence of increasing amounts of Nal, against the iodide concentration.
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Determination of an Upper Bound for the Solubility of 6 in PBS. First, EtOH solutions of 6 at different
concentrations were prepared and the photon count rate of each solution was measured in the same FCS
instrument used to acquire the autocorrelation functions reported in the manuscript. The lowest concentration
with a photon count rate three times above the background was 100 pM and, therefore, it was concluded that
the limit of detection of compound 6 in our instrument was 100 pM. Then, 6 was dissolved in PBS buffer
and the photon count rate was measured in the same instrument. The result was indistinguishable from

background, from which we conclude that the solubility of 6 in PBS is less than 100 pM.
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Figure 2.19 Autocorrelation decays of 6 incorporated into nanoparticles of either 1a or 1le. Samples were

prepared using a concentration of 0.5 mg mL™" for the polymer. The concentration of guest, after filtration,

was 2.4 uM for 1a and 1.0 uM for 1e. The solutions were sequentially diluted using PBS buffer in 6 steps,

until the concentration of polymer was 6.25 pg mL™" (1:80) for 1a and 50 ug mL™' (1:10) for 1e (the

supramolecular hosts are not stable at lower polymer concentrations). Results show negligible changes in

the autocorrelation function.



CHAPTER 3 Highlighting Cancer Cells with Halochromic Switches
3.1. Background

Cancer detection with fluorescence measurements requires first the development of probes
with appropriate signaling and targeting capabilities'*’. Generally, these requirements are
satisfied with the integration of a fluorophore and a ligand in the same construct. The
former component should have a large molar absorption coefficient (€) at the excitation
wavelength (Aex) in conjunction with a high fluorescence quantum yield (¢) to provide

optimal brightness (¢ x ¢)!°!. The latter should recognize surface receptors expressed

preferentially on cancer cells and associate with them selectively!'®?

. For example, folate
receptors are overexpressed in ca. 40% of human cancers and bind folic acid with
association constants approaching 10'° M 13, As a result, fluorescent derivatives of folic
acid can mark selectively circulating tumor cells and malignant tissues'®>. The optical
sensing of the former in blood through skin offers the opportunity to detect cancer
noninvasively at early stages of its development!®*. The visual observation of the latter can
facilitate the identification and surgical removal of tumors'®. In fact, the potential of both
methodologies has already been demonstrated with representative examples based on the

196203 However, two

covalent attachment of folic acid to fluorescent chromophores
fundamental problems, inherent to the photophysical properties of the signaling unit, limit
the performance of these fluorophore—ligand constructs. The pairing of a single
fluorophore to the targeting ligand restricts the brightness accessible per binding event to

modest values. The concomitant emission of unbound probes contributes significant

background fluorescence. Therefore, the relatively weak fluorescence of the probes bound

69



70

to the target must often be identified against an emissive background with detrimental
consequences on the signal-to-noise ratio. Innovative signaling mechanisms to ensure high
brightness with infinite contrast are very much needed to overcome these stringent
limitations.

In principle, the complications associated with conventional labeling strategies can be
avoided with the incorporation of multiple signaling units, designed to switch from a
nonemissive to a fluorescent state upon binding the target, into a single construct. Under
these conditions, only the bound probes can contribute fluorescence, ensuring optimal
contrast, and their multichromophoric character can enhance €, possibly imposing large
brightness as well. The latter parameter, however, is equal to the product of € and ¢ and
interchromophoric interactions tend to depress, or even suppress completely, 2%, As a
result, the brightness of multichromophoric assemblies generally remains relatively low,
unless their size is increased sufficiently to maintain the fluorescent chromophores apart
and retain an acceptable ¢. In fact, the identification of structural designs to assemble
compact multichromophoric constructs with bright fluorescence remains far from trivial?*4-
205 and the need to engineer switchable character on their emissive components can only
complicate their realization even further. In this context, the fate of folate receptors, after
binding derivatives of folic acid, is particularly convenient. These receptor-ligand
complexes form on the outer surface of the cell membrane, but then are engulfed within
endosomes to be transported inside the actual cell'®. In proximity to the cell membrane
the pH is close to neutrality, while it can be as low as 4.3 within the intracellular

206

compartments Such a pronounced difference in pH can be exploited to induce the

207-209

release cytotoxic drugs as well as to activate chromophores for photodynamic
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therapy?! and contrast agents for magnetic resonance imaging?!!. Presumably, the very
same pH change could be designed to alter the structure of a signaling unit and turn its
fluorescence on exclusively after cellular internalization. Indeed, a seminal report®!?
demonstrates that the pH in the acidic organelles of cancer cells can be exploited to
suppress photoinduced electron transfer’’®* and enhance the fluorescence of
borondipyrromethene (BODIPY) chromophores internalized with the aid of a targeting
antibody. Nonetheless, the contrast accessible with switching mechanisms based solely on
the suppression of a quenching pathway remains inherently limited by the photophysical
properties of the signaling component®'4. Unitary quenching efficiencies are hard, if at all
possible, to achieve and, therefore, any quenched probe left in the extracellular matrix can
contribute some level of background fluorescence. Infinite contrast can, instead, be
achieved with activation mechanisms based on significant changes in the ability of the
fluorescent chromophore to absorb exciting photons at Aex2'*. Specifically, some organic
chromophores modify their structure upon acidification to alter drastically their absorbance
in the visible region of the electromagnetic spectrum with concomitant changes in color.

This phenomenon, termed halochromism?'®, is responsible for the operating principles of
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colorimetric indicators?!® and governs the behavior of pH-sensitive inks

Furthermore, certain halochromic compounds alter also their emission properties, in

addition to changing their ability to absorb visible light, and can be exploited to probe the

intracellular environment with fluorescence measurements®2’.

221 with activatable fluorescence

Our laboratory developed a family of molecular switches
based on the halochromic opening of oxazine rings®*???3. These pH-sensitive fluorophores

permit the monitoring of proton diffusion in polymer films??4, the reconstruction of images
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with subdiffraction resolution and the probing of the intracellular environmen
Their halochromic transformations are designed to extend the electronic conjugation of a
fluorescent chromophore over to an appropriate auxochromic unit and cause a pronounced
bathochromic shift in absorption. The resulting spectral change can be exploited to excite
the reaction product selectively, in the presence of the corresponding reactant, with
concomitant emission. In fact, intense fluorescence is generated only after the halochromic
activation of the molecular switch. This behavior suggests that our halochromic switches,
in combination with the targeting ability of folic acid, should permit the selective labeling
of cancer cells and their detection with optimal signal-to-noise ratios. In particular, the
internalization of such halochromic—folate probes in the acidic organelles of target cells
should result in the activation of the signaling chromophores to permit their selective
excitation, even in the presence of relatively large amounts of their inactive counterparts
in the extracellular space. Thus, these operating principles should allow the detection of
the fluorescence of the internalized chromophores against an essentially dark background
and translate into signal-to-noise ratios that cannot be replicated with activatable
fluorophores solely based on the suppression of a quenching mechanism upon

protonation?”2%

. In addition to contrast enhancement, a significant brightness increase,
relative to conventional fluorophore—ligand constructs, should also be possible, if a viable
strategy to integrate multiple halochromic components into a single assembly, without
compromising their photophysical properties, is identified. =~ These considerations
suggested (1) the noncovalent encapsulation of multiple halochromic switches in their

interior of self-assembling nanocarriers with folate ligands on their surface as well as (2)

the covalent connection of such switchable chromophores and targeting ligands to a
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common macromolecular scaffold. This article reports the preparation of these
supramolecular assemblies and macromolecular constructs, their structural and
spectroscopic characterizations as well as their response to folate-receptor negative and
positive cells.

3.2. Results and Discussion

3.2.1. Design and Synthesis

Pre-Fluorophore N, \ /
| 0<° @ )

Me_ Me

O — O YO

4
no, N\
@ \/©/ Fluorophore
1 NO, HO 2

Figure 3.1 Conversion of pre-fluorophore 1 into fluorophore 2 under acidic conditions with concomitant

fluorescence activation.

Compound 1 (Figure 3.1) combines a coumarin chromophore and an oxazine auxochrome
within the same covalent skeleton®*°. Upon acidification in acetonitrile, the oxazine ring
opens to form 2%?*. This structural modification extends the electronic conjugation of the
coumarin fragment over the adjacent 3H-indolium cation and shifts its main absorption
bathochromically by more than 160 nm with a concomitant change in color. Because of
such a pronounced spectral shift, illumination of the sample at an excitation wavelength
(Aex in Figure 3.1) positioned within the shifted band excites 2 selectively, even in the
presence of an excess of 1, to produce intense fluorescence at the corresponding emission
wavelength (Aem in Figure 3.1). As a result, this halochromic transformation converts a
pre-fluorophore into a fluorophore and activates fluorescence with infinite contrast in

response to acidification. In principle, the identification of a viable strategy to replicate



74

this mechanism in aqueous media, under physiological conditions, might lead to sensing
schemes for the signaling of intracellular acidic compartments with optimal contrast.
Compound 1 is essentially insoluble in water, but it can be transferred into aqueous

solutions with the supramolecular assistance of amphiphilic polymers®'.

Specifically,
reaction of 3 and 4 (Figure 3.2) in tetrahydrofuran (THF), under the influence of azobis(i-
butyrronitrile) (AIBN), produces a poly(methacrylate) backbone with a random
distribution of hydrophobic and hydrophilic side chains in the shape of 5 (The number
average molecular weights (M) of 5, 7, 10, 12 and 13 are 21.0, 16.7, 17.2, 17.8, and 18.9
kDa respectively. These values were determined by gel permeation chromatography
(GPC). The ratio (m:n in Figure 3.2) between the hydrophobic and hydrophilic components
of 5 is 3.5:1. This value was estimated by 'H nuclear magnetic resonance (NMR)
spectroscopy from the integrals of the resonances associated with the methyl protons at the
termini of the side chains.). This amphiphilic macromolecule forms particles with
nanoscaled dimensions in phosphate buffer saline (PBS) (The average hydrodynamic
diameters of the nanoparticles formed by 5, 8, 12 and 13 in PBS are 26, 25, 17 and 24 nm
respectively. These values were determined by dynamic light scattering (DLS) and do not
change significantly, even after storing aqueous dispersions of the nanoparticles for up to
21 days at 25 °C in the dark (Figure 3.11). The critical concentrations, required for the
formation of nanoparticles in PBS, of 5, 8, 12 and 13 are 21.4, 6.7, 15.0 and 14.5 pg mL™!
respectively. These values were estimated from plots (Figure 3.12 and Figure 3.13) of the
emission intensity of 20, detected after treating a fixed amount of this water-insoluble
fluorophore with increasing aliquots of the corresponding macromolecule in PBS, against

the polymer concentration.). In the process of assembling, the nanoparticles can capture 1
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in their hydrophobic interior and transfer this, otherwise insoluble, pre-fluorophore into the

aqueous phase.
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Figure 3.2 Synthesis of amphiphilic polymer 5.

The synthetic protocol for the preparation of 5 can be modified to allow the subsequent
connection of folate ligands to part of the many oligo(ethylene glycol) side chains. In
particular, reaction of 3, 4 and 6 (Figure 3.3) in THF, with the assistance of AIBN, produces
amphiphilic polymer 7 with primary amino groups at the ends of some of the hydrophilic
tails. Treatment of 7 with folic acid in dimethylsulfoxide (DMSO), under the influence of
N,N'-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP), couples
folate ligands to a fraction of the primary amino groups to generate 8. The resulting
macromolecular construct readily dissolves in PBS to form particles with nanoscaled
dimensions, capable of capturing 1 in their interior and transfer this pre-fluorophore into

the aqueous phase, in analogy to the behavior of 5.
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Figure 3.3 Synthesis of amphiphilic polymer 7 and covalent connection of folate ligands to form 8.
In alternative to the noncovalent entrapment of pre-fluorophores within the hydrophobic
interior of hydrophilic and nanosized hosts (Figure 3.2), the covalent attachment of
switchable components to the polymer backbone of an amphiphilic macromolecule can be
exploited to assemble water-soluble halochromic constructs. Specifically, the synthetic
protocols for the preparation of 5 and 7 can be adapted to generate an amphiphilic polymer
with azide groups at the termini of its hydrophobic side chains that can then be connected
to appropriate derivatives of pre-fluorophore 1. Indeed, reaction of 4, 6 and 9 (Figure 3.4),
in the presence of AIBN, produces 10. The subsequent treatment of this macromolecule
with 11 results in the covalent connection of an average of 2 pre-fluorophores per polymer
chain in the shape of 12. Further reaction of the resulting polymer with folic acid, in the
presence of DCC and DMAP, couples folate ligands to some of the primary amino groups

to produce 13.
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Figure 3.4 Synthesis of amphiphilic polymer 7 and covalent connection of folate ligands to form 8.

3.2.2. Absorption and Emission Spectroscopies

In the presence of sufficient amounts of either 5 or 8 to form nanosized hosts, 1 readily
dissolves in neutral buffer. The corresponding absorption spectra (a and b in Figure 3.5)
show the characteristic band of the coumarin chromophore at 414 nm ("A4, in Table 3.1).
The absorbance at this particular wavelength indicates the average number (N in Table 3.1)
of pre-fluorophore guests per nanoparticle host to be 23 in both instances. This absorption
is essentially identical to that recorded for an acetonitrile solution of 1, in the absence of
any amphiphilic polymer (Figure 3.14), and remains unchanged, even after storing aqueous
dispersions of the loaded nanoparticles for hours at 25 °C in the dark (Figure 3.15). These
observations indicate that (1) the environment within the interior of the nanosized hosts is
similar to an organic solvent and (2) the supramolecular nanocarriers retain their cargo for

prolonged periods of time.
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Figure 3.5 Absorption and emission (Agx = 560 nm) spectra of 1 and 5 in buffer at a pH of 7.15 (a and e) or
4.01 (c and g) and of 1 and 8 in buffer at a pH of 7.15 (b and f) or 4.01 (d and h).

Table 3.1 Photophysical parameters for 1 and 11-13 [a].

Solvent PAab FAab N € Aem ) ex0

(nm) (nm) (mM'em)  (nm) (mM™!

cm™)
1 MeCN 411 593 1 46.1 660 0.06 2.7
1+5 H,O 414 596 23 1053 658 0.20 208
1+8 H,O 414 596 23 1046 656 0.25 265
11 MeCN 410 613 1 69.9 669 0.03 1.9
12 H.O 423 626 61 4245 660 0.07 289
13 H,O 411 623 75 5238 667 0.09 456

[a] The wavelength of the absorption maximum for the pre-fluorophore ("Aab) was determined at 25 °C in either MeCN or phosphate
buffer with a pH of 7.15 for 5 and 8 or 6.88 for 12 and 13. The wavelength of the absorption ("Aab) and emission (Aem) maxima for
the fluorophore and its fluorescence quantum yield (¢) were determined at 25 °C in either MeCN, after the addition of CF;CO-H (1.0
eq. for 1 or 10 eq. for 11), or phosphate buffer with a pH 0f 4.01 for 5 and 8 or 3.02 for 12 and 13. The number (&) of pre-fluorophores
per nanoparticle was estimated from the absorbance at "Aap. The molar absorption coefficient () listed for 1 and 11 was measured
at "Aap in MeCN, after the addition of CF3CO2H (1.0 eq. for 1 or 10 eq. for 11). Those reported for 5 and 8 are the products of N and
the € listed for 1 in MeCN. Those reported for 12 and 13 are the products of N and the € listed for 11 in MeCN. The parameters
reported for 1 in H2O were determined in the presence of either 5 or 8 at a pre-fluorophore loading of 0.1%w/w, relative to the

polymer.
The oxazine ring of 1 opens to generate 2 (Figure 3.1) in the interior of the nanoparticles

of either 5 or 8, when the pH of the surrounding aqueous solution is lowered to 4.01. This

structural transformation brings the coumarin chromophore in conjugation with the
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adjacent 3H-indolium auxochrome and shifts its absorption to a wavelength (fAab in Table
3.1) of 596 nm (c and d in Figure 3.5). Once again, the absorbance at this wavelength
remains constant for hours (Figure 3.15), if the solution is maintained at 25 °C in the dark,
indicating that the supramolecular assemblies remain intact also under these conditions.
Furthermore, the pronounced bathochromic shift in absorption, which accompanies the
conversion of 1 into 2, permits the selective excitation of the latter with concomitant
fluorescence. Specifically, illumination of the sample at a Aex of 560 nm does not produce
any fluorescence at a pH of 7.15 (e and f'in Figure 3.5), but results in intense emission at a
pH of 4.01 (g and & in Figure 3.5). In fact, the fluorescence intensity at the wavelength
(AEm in Table 3.1) corresponding to the emission maximum becomes significant only at pH

values lower than 6.0 for both supramolecular assemblies (a and b in Figure 3.6).
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Figure 3.6 Plots of the fluorescence intensity measured at the emission maximum for 1 and 5 (a), 1 and 8
(b), 12 (¢) or 13 (d) against the pH of the buffer.

In acetonitrile, pre-fluorophore 1 switches to fluorophore 2 quantitatively, after the addition
of only 1 eq. of CF3CO2H. Under these conditions, € at FAab and ¢ for 2 are 46.1 mM™!
cm ! and 0.06 respectively (Table 3.1). These values correspond to a brightness of 2.7
mM~! cm™ (¢ x ¢ in Table 3.1). Encapsulation of 2 within nanoparticles of either 5 or 8

does not affect the absorption band of the 3H-indolium chromophore of the former (Figure
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3.14), suggesting that the entrapment of the fluorescent guest within the nanosized host has
a negligible effect on €. The supramolecular container, however, discourages the
nonradiative deactivation of the excited state and raises ¢ to 0.20 for 5 and 0.25 for 8. This
significant increase, in conjunction with the presence of multiple fluorophores within each
supramolecular host, corresponds to a brightness per nanoparticle of 208 mM ! cm™! for §
and 265 mM ! cm™! for 8. Thus, the clustering of multiple fluorophores within the same
supramolecular assembly translates into an enhancement in brightness of two orders of
magnitude, relative to the individual fluorophores dissolved in organic solvent.
Additionally, these results demonstrate the photophysical properties of the fluorescent
guests to be almost identical in the two sets of nanosized hosts, suggesting that the presence
of folate ligands in 8 has negligible influence on the entrapped fluorophores.
The absorption spectrum (Figure 3.16) of 12 in neutral buffer also shows the characteristic
band of the coumarin chromophore at a "Aab of 423 nm. Comparison of the spectrum of
12 in neutral buffer to that of 11 in acetonitrile (Figure 3.14), however, shows a
bathochromic shift of 13 nm (Table 3.1) in the "Aab of the polymer. This change suggests
that the environment around the chromophore differs in the two instances. The further
covalent connection of folate ligands to the macromolecular backbone to produce 13 results
instead in a hypsochromic shift of "Aab back to 411 nm (Table 3.1 and Figure 3.16).
Presumably, this structural modification alters the polymer conformation and the
environment around the coumarin chromophore. The behavior of 11-13 appears to be in
contrast with that of 1, whose spectral response in acetonitrile is identical to that observed
within nanoparticles of either 5 or 8 dispersed in neutral buffer. Thus, covalent connection,

in one instance, and the noncovalent encapsulation, in the other, impose distinct spectral
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outputs on the pre-fluorophore. Furthermore, the structural design of 12 and 13 results in
the incorporation of more pre-fluorophores per nanoparticle than in the case of § and 8.
Specifically, the absorbance at PAap indicates N to be 61 and 75 for 12 and 13 respectively.
Under acidic conditions, the oxazine rings of the pre-fluorophores incorporated within 12
and 13 open with the concomitant appearance of the characteristic absorption (Figure 3.16)
for the corresponding fluorophores at a FAab of 626 and 623 nm respectively (Table 3.1).
Once again, the pronounced bathochromic shift in absorption, observed upon acidification,
offers the opportunity to excite selectively the protonated forms at a Aex of 560 nm. In fact,
fluorescence at a Aem of 660 and 667 nm respectively (Table 3.1) is observed, under these
illumination conditions, only after changing the pH from 6.88 to 3.02 (Figure 3.16). The
pH dependence of the emission intensity observed for 12 and 13 (¢ and d in Figure 3.6),
however, differs from that recorded for nanoparticles of 5 or 8, containing 1, (@ and b in
Figure 3.6). The fluorescence intensity raises abruptly below pH thresholds of ca. 5 for
the covalently-connected pre-fluorophores and ca. 6 for the noncovalently entrapped
counterparts. This difference parallels the behavior of 1 and 11 in acetonitrile (Figure
3.14). Only 1 eq. of CF3CO:2H is sufficient to switch 1 quantitatively to 2, while up to 10
eq. are required to convert 11. Presumably, the electron withdrawing carboxylic ester in
position 5 of the 3H-indole heterocycle of 11 has a depressive effect on the stability of the
cationic chromophore that has to be formed with the opening of the oxazine ring upon
protonation. The very same functional group has a depressive effect also on ¢, which
decreases with substitution from 0.06 for 1 to 0.03 for 11 (Table 3.1). However, the
covalent incorporation of 11 into 12 or 13 also increases ¢ significantly (Table 3.1), as

observed for the noncovalent encapsulation of 1 within nanoparticles of either 5 or 8.
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Presumably, the close proximity of the fluorescent chromophore to the macromolecular
construct in all instances restricts its conformational freedom, relative to acetonitrile
solution, discourages the nonradiative deactivation of its excited state and, ultimately,
enhances ¢. Specifically, ¢ raises to 0.07 for 12 and 0.09 for 13. This change, together
with the presence of multiple fluorophores within each supramolecular assembly,
corresponds to a brightness per nanoparticle of 280 mM~' cm™' for 12 and 456 mM™' cm™
for 13.

3.2.3. Fluorescence Imaging

Literature data®*2* indicate that Human Embryonic Kidney 293 (HEK-293) and
Michigan Cancer Foundation 7 (MCF-7) cells are folate-negative and -positive
respectively. Despite the significant difference in the ability of these cells to express the
folate receptor, their incubation with nanoparticles of either 5 or 8, containing 1, for only
1 hour causes intense intracellular fluorescence in all instances (a—d in Figure 3.7 and
Figure 3.17 and Figure 3.18). These observations suggest that the noncovalently-entrapped
pre-fluorophores can reach acidic intracellular compartments of both cell types on a
relatively short timescale, even in the absence of folate ligands on the surface of their
nanocarriers, and then switch to the corresponding fluorophores to produce fluorescence.
The rather surprising behavior of the nanocarriers with noncovalently-encapsulated cargo
is, presumably, a result of the discharge of the hydrophobic pre-fluorophores into the
plasma membrane of the cells and their subsequent internalization in acidic intracellular
compartments. Indeed, similar supramolecular hosts have been observed to dump their
water-insoluble guests into the plasma membranes of the cellular blastoderm of Drosophila

melanogaster embryos?**. The separation of the signaling units from the macromolecular
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components is, instead, impossible for the nanostructured constructs with covalently-
connected pre-fluorophores. In fact, incubation of either HEK-293 or MCF-7 cells with
nanoparticles of 12, which lack folate ligands on their surface, does not result in any
detectable intracellular fluorescence (e and f in Figure 3.7 and Figure 3.19), under

otherwise identical conditions. Essentially the same result is also observed when the folate-
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Figure 3.7 Overlaid fluorescence and transmittance images (Agx = 561 nm, Agm = 575-750 nm, scale bar =
25 um) recorded after incubation of HEK-293 and MCF-7 cells with PBS solutions of either 1 and 5 (a and
b) or 1 and 8 (¢ and d) for 1 hour or with PBS solutions of 12 (e and f) or 13 (g and 4) for 2 hours.
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negative cells are incubated with nanoparticles of 13 (g in Figure 3.7 and Figure 3.20).
Instead, intense intracellular fluorescence appears when these nanostructured constructs,
which incorporate folate ligands on their surface, are incubated with the folate-positive
cells (h in Figure 3.7 and Figure 3.20). Furthermore, comparison of the intracellular
fluorescence intensities detected for HEK-293 and MCF-7 after increasing incubation
times with 13 shows that the emission remains negligible for the folate-negative cells but
increases dramatically for the folate-positive ones (Figure 3.21). These observations
demonstrate that the pre-fluorophores covalently connected to the amphiphilic polymers
can reach acidic intracellular compartments only if the macromolecular backbone is also
connected to folate ligands. In agreement with the ability of these ligands to mediate the
internalization of the activatable emitters, the addition of increasing amounts of folic acid
to the extracellular matrix causes a decrease in the fluorescence intensity detected
intracellularly (Figure 3.21). Indeed, folic acid competes with 13 for the folate receptors
of the MCF-7 cells and inhibits the intracellular transport of the pre-fluorophores.

The halochromic character engineered into the emissive components of 13 ensures the
activation of their fluorescence exclusively after internalization in the target cells. Indeed,
the corresponding image (k in Figure 3.7) shows negligible extracellular emission.
Comparison to a model fluorophore—ligand construct (14 in Figure 3.8), which incorporates
a borondipyrromethene (BODIPY)) chromophore that is not pH activatable, shows such a
level of contrast to be inaccessible with a conventional signaling unit. Specifically,
incubation of MCF-7 cells with a mixture of 13 and 14 results in the internalization of
significant fractions of both. The two sets of fluorescent probes emit in distinct spectral

regions and can be imaged in separate detection channels. The resulting images (a and b
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in Figure 3.8) indicate the ratio between the intracellular and extracellular fluorescence to
be 3.6 for 14 and 11.9 for 13. The 3-fold enhancement in contrast is a consequence of the
activatable fluorescence of the latter, which turns on only in the acidic intracellular
environment. Instead, the non-activatable emission of the former is significant also in the
extracellular matrix and contributes plenty of background fluorescence. In fact, the overlap
(c in Figure 3.8) of the two detection channels reveals the co-localization of the two sets of
internalized fluorophores in addition to emission coming from the non-activatable species

residing outside the cells.
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Figure 3.8 Ratios between the intracellular and extracellular emission intensities in fluorescence images (a,
Agx = 514 nm, Agm = 525-600 nm; b, Agx = 561 nm, Agm = 575-750 nm; c is an overlap of a and b; scale bar
= 25 um) recorded after incubation of MCF-7 cells with a PBS solution of 13 and 14 for 2 hours.
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3.3. Conclusions
A water-insoluble pre-fluorophore can be either encapsulated noncovalently within the
hydrophobic interior of self-assembling nanocarriers of amphiphilic polymers or connected
covalently to the poly(methacrylate) backbone of the macromolecular components and
transferred into aqueous environments as a result. At neutral pH, the pre-fluorophore does
not produce any detectable fluorescence. Under acidic conditions, its oxazine core opens
to switch bathochromically the main absorption of an adjacent coumarin chromophore and
activate intense fluorescence in the visible region of the electromagnetic spectrum. Indeed,
the brightness (€ x ¢) of these nanostructured constructs approaches 5 x 10° M cm™! —a
170-fold enhancement relative to the constituent fluorophores dissolved individually in
organic solvent. Such a dramatic increase is a result of the clustering of multiple
chromophores within the same construct, which facilitates the absorption of exciting
photons by raising €, and the constrained environment around the fluorophores within the
nanostructured assemblies, which increases ¢ by discouraging their nonradiative
deactivation. Additionally, folate ligands can be attached covalently to the macromolecular
components of these supramolecular assemblies without any detrimental effects on the
photophysical properties of the fluorophores. Furthermore, these ligands direct the
nanostructured assemblies into acidic intracellular compartments of folate-positive cells
(MCF-7) and, when the pre-fluorophores are also covalently connected to the same
macromolecular components, allow the pH-induced activation of fluorescence selectively
in the intracellular environment of these particular cells. Instead, the relatively fast
internalization and activation of the pre-fluorophores occurs, even in the absence of folate

ligands, when these components are entrapped within the nanostructured constructs solely
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on the basis of noncovalent interactions. In addition to allowing the selective detection of
MCF-7 cells with high brightness, the covalent nanostructured constructs ensure also
minimal background fluorescence from the extracellular matrix, because of the
halochromic character designed into their emissive components. Specifically, their pH-
activatable fluorescence translates into a 4-fold enhancement in contrast, relative to that
accessible with a nonactivatable fluorophore—ligand model. Thus, the structural design of
these supramolecular assemblies together with the halochromic character and
photophysical properties engineered into their emissive components translate into
nanoparticles with activatable and bright fluorescence for the selective detection of folate-
positive cells and might ultimately evolve into unique cancer highlighters for diagnostic
and surgical applications.

3.4. Experimental Procedures

Chemicals were purchased from commercial sources and used as received. MeCN was
distilled over CaHaz. THF was distilled over Na and benzophenone. H20 (18.2 MQ-cm)
was purified with a Barnstead International NANOpure DIlamond Analytical system.
Compounds 1, 3, 4, 6, 17, 18 and 20 were prepared according to literature procedures'’>
227,230.235-237 - GPC was performed with a Phenomenex Phenogel 5-um MXM column (7.8
x 300 mm) operated with a Nexera X2 system, in THF at a flow rate of 1.0 mL min ' and
a detection wavelength of 250 nm for 5, 7 and 12 and 290 nm for 8 and 13. Monodisperse
polystyrene standards (3,700-250,000) were employed to determine the Mn and
polydispersity index (PDI) of the polymers from the GPC traces, following a literature
protocol'®>. NMR spectra were recorded with a Bruker Avance 400 spectrometer. DLS

and SLS measurements were performed with a Malvern ZEN1600 apparatus. The values
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reported for the hydrodynamic diameter are averaged over ten independent experiments of
ten runs of 10 s each. The values reported for the average supramolecular weight were
determined from the concentration dependence of the scattering intensity, following a
literature protocol'®. Absorption spectra were recorded with a Varian Cary 100 Bio
spectrometer, using quartz cells with a path length of 1.0 cm. Emission spectra were
recorded with a Varian Cary Eclipse spectrometer in aerated solutions. Fluorescence
quantum yields were determined against a methanol solution of the acetate salt of cresyl
violet (¢ = 0.54), following a literature protocol®*®. Fluorescence images were recorded

with a Leica SP5 confocal laser-scanning microscope.
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Figure 3.9 Synthesis of 11.

5. A solution of 3 (452 mg, 2 mmol), 4 (1.0 g, 0.5 mmol) and AIBN (0.5 mg, 0.003 mmol)
in degassed THF (8 mL) was heated at 75 °C for 3 days in a sealed tube. After cooling
down in an ice bath, the solvent was distilled off under reduced pressure. The residue was
purified by column chromatography [SiO2, CHCl3/MeOH (40:1, v/v)] to give 5 (872 mg)
as a white solid. GPC: Mn=21.0 kDa, PDI=1.16. '"HNMR (CDCl3): § = 0.84-0.93 (10H,
brs), 1.22-1.39 (42H, brs), 1.69-1.77 (8H, br s), 3.37-3.41 (3H, s), 3.54-3.77 (176H, m),
3.87-4.02 (6H, br s), 4.06-4.16 (2H, br s).

7. A solution of 3 (904 mg, 4.0 mmol), 4 (2.0 g, 1.0 mmol), 6 (65 mg, 0.1 mmol) and
AIBN (5 mg, 0.03 mmol) in degassed THF (20 mL) was heated at 75 °C for 3 days in a
sealed tube. After cooling down to ambient temperature, the solvent was distilled off under

reduced pressure. The residue was purified by column chromatography [SiO2,
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CH2CI2/MeOH (20:1, v/v)] to give 7 (2.0 g) as a white solid. GPC: Mn=16.7 kDa, PDI =
1.43; "TH NMR (CDCls): & = 0.84-0.93 (10H, br s), 1.22-1.39 (42H, br s), 1.69-1.77 (8H,
brs), 2.25-2.32 (0.2H, m), 2.46-2.56 (0.2H, m), 3.37-3.41 (3H, s), 3.54-3.77 (180H, m),
3.87-4.02 (6H, brs), 4.06-4.16 (2H, br s).

8. A solution of 7 (146 mg, 0.06 mmol), folic acid (265 mg, 0.6 mmol), DCC (124 mg, 0.6
mmol) and DMAP (73 mg, 0.6 mmol) in DMSO (20 mL) was stirred at 40 °C for 3 days.
The resulting precipitate was filtered off, dissolved in CH2Cl2 (150 mL) and washed with
aqueous NaCl (1M, 6 x 100 mL). The solvent was distilled off under reduced pressure and
the residue was purified by column chromatography [SiO2, CH2Cl2/MeOH (10:1, v/v)] to
afford 8 (42 mg) as a red solid. GPC: My = 19.2 kDa, PDI = 1.44; '"H NMR (CDCl3): & =
0.84-0.93 (10H, brs), 1.22—1.39 (42H, brs), 1.69-1.77 (8H, br s), 3.37-3.41 (3H, s), 3.54—
3.77 (176H, m), 3.87—4.02 (6H, br s), 4.06-4.16 (2H, br s).

9. A solution of 10-azidodecan-1-amine (990 mg, 5 mmol), methacrylic acid (516 mg, 6
mmol), DCC (1030 mg, 5 mmol) and DMAP (610 mg, 5 mmol) in CH2Cl2 (20 mL) was
stirred at ambient temperature for 24 hours. The resulting precipitate was filtered off and
the residue was purified by column chromatography [SiO2, hexane/EtOAc (5:1, v/v)] to
afford 9 (839 mg, 63%) as a colorless liquid. ESIMS: m/z = 267.1121 [M]+ (calcd. for
C14H26N40 = 266.3890); 'H NMR (CDCl3): & = 1.27-1.14 (14H, m), 1.40-1.59 (4H, m),
1.88 (3H, s), 3.12-3.27 (2H, m), 5.21 (1H, s), 5.60 (1H, s), 6.18 (1H, br s).

10. A solution of 4 (904 mg, 4.0 mmol), 6 (65 mg, 0.1 mmol), 9 (2.0 g, 1.0 mmol) and
AIBN (5 mg, 0.03 mmol) in degassed THF (20 mL) was heated at 75 °C for 3 days in a
sealed tube. After cooling down to ambient temperature, the solvent was distilled off under

reduced pressure. The residue was purified column chromatography (Sephadex LH-20,
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MeOH) to give 10 (1.89 g) as a white solid. GPC: Ma = 17.2 kDa, PDI = 1.15; '"H NMR
(CDCI3): 6 = 0.95-1.08 (2H, br s), 1.21-1.42 (37H, br s), 1.89-2.09 (5H, br s), 2.23-2.30
(3H, br s), 3.23-3.30 (2H, br s), 3.38 (3H, s), 3.45-3.83 (176H, m), 3.87-4.01 (2H, br s),
4.03-4.20 (2H, br s).
11. A solution of 15 (204 mg, 0.5 mmol), 17 (147 mg, 0.6 mmol) and TFA (250 uL) in
EtOH (20 mL) was heated under reflux for 4 hours. After cooling down to ambient
temperature, the solvent was distilled off under reduced pressure and the residue was
purified by column chromatography [SiO2, hexane/EtOAc (3:1, v/v)] to afford 11 (241 mg,
76%) as a green solid. ESIMS: m/z = 634.2562 [M]" (calcd. for C37H3sN307 = 633.7010);
"HNMR (CDCl3): 6=0.87 (6H, t), 1.22 (6H, 5), 2.03 (1H, 5), 2.61-2.70 (2H, m), 3.43 (4H,
q), 4.40 (2H, t), 4.66 (2H, d, 3 Hz), 6.49 (1H, s), 6.57-6.66 (3H, m), 6.88-6.99 (2H, m),
7.25 (1H, d, 8 Hz), 7.52 (1H, s), 7.82 (1H, s), 7.90 (1H, d, 8 Hz), 7.98-8.06 (2H, m).
12. Cul (4 mg, 0.02 mmol) was added to a solution of 10 (64 mg, 0.1 mmol) and 11 (1.0
g) in degassed MeCN. The mixture was stirred at ambient temperature for 12 hours under
Ar. The solvent was distilled off under reduced pressure and the residue was purified by
column chromatography (Sephadex LH-20, MeOH) to give 12 (890 mg) as a green solid.
GPC: My =17.8 kDa, PDI = 1.21; '"H NMR (CDCl3): = 1.03-1.17 (3H, br s), 1.22-1.47
(45H, br s), 2.05-2.52 (8H, br s), 3.21-3.33 (2H, br s), 3.40 (3H, s), 3.52-3.83 (190H, m),
3.85-3.99 (3H, br s), 4.03—4.20 (2H, br s).
13. A solution of 12 (400 mg), folic acid (22 mg, 0.5 mmol), DCC (10 mg, 0.05 mmol)
and DMAP (6 mg, 0.05 mmol) in DMSO (2 mL) was stirred at 40 °C for 4 days in the dark.
After cooling down to ambient temperature, the resulting precipitate was filtered off and

the filtrate diluted in CH2Cl2 (50 mL) and washed with aqueous NaCl (1M, 3 x 50 mL).
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The solvent was distilled off under reduced pressure and the residue was purified by
column chromatography (Sephadex LH-20, MeOH) to give 13 (322 mg) as a green solid.
GPC: My =18.9 kDa, PDI = 1.45; '"H NMR (CDCl3): § = 1.02-1.18 (3H, br s), 1.21-1.48
(46H, br s), 2.01-2.55 (8H, br s), 3.23-3.30 (2H, br s), 3.38 (3H, s), 3.50-3.83 (180H, m),
3.87-4.01 (3H, brs), 4.03—4.20 (2H, br s).

14. A solution of DCC (103 mg, 0.5 mmol), folic acid (220 mg, 0.5 mmol), 19 (120 mg,
0.05 mmol) and DMAP (61 mg, 0.5 mmol) in DMSO (20 mL) was stirred at 40 °C for 3
days. The resulting precipitate was filtered off and the mixture was dissolved in CH2Cl2
(150 mL) and washed with aqueous NaCl (1M, 6 x 100 mL). The solvent was distilled off
under reduced pressure and the residue was purified by column chromatography [SiO2,
CH2Cl12/MeOH (10:1, v/v)] to afford 14 (24 mg, 17%) as a red solid. 'H NMR [(CD3)2SO]:
d=1.13 (6H, t, 8 Hz), 1.27 (6H, s), 2.29 (4H, m), 2.44 (4H, q, 8 Hz), 2.56 (6H, s), 3.27—
3.48 (176H, m), 4.33 (1H, br), 4.46 (2H, br), 6.63 (2H, br), 6.91 (1H, br), 7.58 (2H, d, 8
Hz), 7.78 (1H, s), 8.09 (2H, d, 6 Hz), 8.64 (1H, s).

15. A solution of 2,3,3-trimethyl-5-carboxy-3H-indole (1015 mg, 5 mmol), propargyl
alcohol (420 mg, 6 mmol), DCC (1030 mg, 5 mmol) and DMAP (610 mg, 5 mmol) in
CH2Cl2 (20 mL) was stirred at ambient temperature for 12 hours. The resulting precipitate
was filtered off and the residue was purified by column chromatography [SiOz,
hexane/EtOAc (3:1, v/v)] to afford 15 (800 mg, 62%) as a white solid. ESIMS: m/z =
256.1347 [M]" (calcd. for C1sH17NO2 = 255.3170); 'H NMR (CDCl3): & = 1.32 (6H, s),
2.01 (1H, t, 3 Hz), 2.28 (3H, s), 2.53-2.58 (2H, m), 4.37 (2H, t, 9 Hz), 7.48 (1H, d, 8 Hz),

7.90 (1H, s), 7.99 (1H, d, 8 Hz).
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16. A solution of 15 (400 mg, 1.6 mmol) and 2-chloromethyl-4-nitrophenol (375 mg, 2
mmol) in MeCN (30 mL) was heated under reflux for 12 hours. After cooling down to
ambient temperature, the solvent was distilled off under reduced pressure and the residue
was purified by column chromatography [SiO2: hexane/EtOAc (4:1, v/v)] to afford 16 (204
mg, 32%) as a yellow solid. ESIMS: m/z = 407.1603 [M]" (calcd. for C23H22N205 =
406.4380); 'H NMR (CDCI3): = 1.19 (3H, s), 1.58 (6H, d, 8 Hz), 2.01 (1H, t, 3 Hz), 2.60—
2.65(2H, m), 4.37 (2H, t, 7 Hz), 4.67 (2H, d, 4 Hz), 6.60 (1H, d, 9 Hz), 6.73 (1H, d, 9 Hz),
7.79 (1H, d, 2 Hz), 7.87 (1H, dd, 2 and 2 Hz), 7.96 (1H, dd, 3 and 3 Hz), 8.01 (1H, d, 3
Hz).

19. A solution of DCC (41 mg, 0.2 mmol) in CH2Cl2 (5 mL) was added dropwise over 10
min to a solution of 18 (42 mg, 0.1 mmol), poly(ethylene glycol) bis(amine) (Mn =2.0 kDa,
400 mg, 0.2 mmol) and DMAP (25 mg, 0.2 mmol) in CH2Clz (15 mL) maintained at 0 °C.
The reaction was allowed to warm up to ambient temperature and then stirred for 12 hours
under these conditions. The resulting precipitate was filtered off and the solvent of the
filtrate was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO2, CH2Cl2/MeOH (10:1, v/v)] to afford 19 (140 mg, 63%) as a red
solid. '"HNMR (CDCl3): § = 1.03 (6H, t, 8 Hz), 1.31 (6H, s), 2.35 (4H, q, 8 Hz), 2.57 (6H,

s), 3.78-3.62 (176H, m), 7.38 (2H, d, 8 Hz), 8.00 (2H, d, 8 Hz).



93

DCC / DMAP

CH,Cl, l H)N/‘E/O\}A:NHA

N 0°C—>RT/12h
reeg
HN N . 5
°© KZXWNIT»JOH + Hyﬁ?OQQu
0 0% on
19

DCC / DMAP
DMSO l

v A/3d
HNgéanH ;
N

Figure 3.10 Synthesis of 14.

Doped Polymer Nanoparticles for Spectroscopy. CH2Cl: solutions of 1 (0.2 mM, 50 uL)
and either 5 or 8 (2.5 mg mL !, 200 uL) were mixed and the solvent was distilled off under
reduced pressure. The residue was dispersed in phosphate buffer (1.0 mL) with pH ranging
from 3.0 to 10.0. The resulting dispersions were sonicated for 5 min, stored for 10 min at
ambient temperature and used for the spectroscopic experiments without further
purification. The concentration of 1 in the final solutions was estimated from the
absorbance for the coumarin chromophore and the € measured in acetonitrile, which is 17.6
mM~! cm™. The concentration of the nanoparticles was determined from the mass of 5
and 8 and the corresponding average supramolecular weight, which is 588 and 435 kDa
respectively according to SLS measurements. The ratio between the concentrations of
molecular guest and supramolecular host is 23 in both instances. This value is the average

number of pre-fluorophores per nanosized container.
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Doped Polymer Nanoparticles for Imaging. CH:Cl: solutions of 1 (0.5 mM, 40 uL) and
either 5 or 8 (10 mg mL™!, 100 uL) were mixed and the solvent was evaporated under
reduced pressure. The residue was dispersed in Dulbecco's PBS (400 uL). The resulting
dispersions were sonicated for 5 min, stored for 10 min at ambient temperature and passed
through a syringe filter with a pore size of 200 nm. The filtrate was used for the imaging
experiments without further purification.
Cell Culture. HEK-293 cells were cultured in Dulbecco's modified Eagle's media
supplemented with fetal bovine serum (10% v/v), penicillin (100 U mL ') and streptomycin
(0.01% v/v). MCF-7 cells were cultured in Roswell Park Memorial Institute medium
supplemented with fetal bovine serum (10% v/v), penicillin (100 U mL™") and streptomycin
(0.01% v/v). Cells were maintained in a humidified CO2 (5% v/v) atmosphere at 37 °C,
seeded in 96-well glass-bottom plates at a density of 10° cells cm™ and incubated
overnight. The culture medium was switched to L-15 and then a PBS solution (10 uL) of
(i) nanoparticles of 5 containing 1, (ii) nanoparticles of 8 containing 1, (ii7) 12 (5.0 mg mL~
1, (iv) 13 (5.0 mg mL ™) or (v) a mixture of 13 (5.0 mg mL ") and 14 (0.2 mM) was added
to the cells (20 uL). For the inhibition experiments, a PBS solution of folic acid (0.02—
0.50 M) was added to the cells and, after 0.5 hours, a PBS solution of 13 (5.0 mg mL™")
was also added to the sample. All cells were incubated at 25 °C for 2-24 hours and imaged

without any washing.
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Figure 3.11 Temporal evolutions of the average hydrodynamic dynamic diameter of 5 (a), 8 (b), 12 (¢) and
13 (d) in buffer at a pH of 7.15.
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Figure 3.12 Plots of the emission intensity (Aex = 500 nm, Agm = 540 nm), recorded at 25 °C after combining
CH,C]; solutions of 20 (0.1 mM, 10 uL) and either 5 or 8 (50 ug mL~!, 20~-100 ul or 500 pg mL™", 100-1000
uL), distilling the solvent off under reduced pressure, dispersing the residue in buffer (1.0 mL) with pH of
7.15 and passing the resulting dispersion through a nanoporous membrane (200 nm), against the polymer

concentration.
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Figure 3.13 Plots of the emission intensity (Agx = 500 nm, Agm = 540 nm), recorded at 25 °C after combining
CH,Cl; solutions of 20 (0.1 mM, 10 uL) and either 12 or 13 (50 pg mL~, 20-100 pl or 500 ug mL~!, 100
1000 pL), distilling the solvent off under reduced pressure, dispersing the residue in buffer (1.0 mL) with pH

of 7.15 and passing the resulting dispersion through a nanoporous membrane (200 nm), against the polymer

concentration.
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Figure 3.14 Normalized absorption and emission (Aex = 560 nm) spectra of 1 (10 uM), before (@) and after
(b and c) the addition of CF3CO-H (1 eq.) in MeCN, of 1 and 5 in buffer with pH of 7.15 (d) or 4.01 (e and
£, of 11 (10 uM), before (g) and after (k& and i) the addition of CF3CO-H (10 eq.) in MeCN, and of 12 (500
ug mL™") in buffer at a pH of 6.88 (j) or 3.02 (k and /).
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Figure 3.15 Temporal evolution of the absorbance detected at 414 (a and ¢) and 596 nm (b and d) for either

1 and 5 or 1 and 8 in buffer with pH of either 7.15 (a and ¢) or 4.01 (b and d).
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Figure 3.16 Absorption and emission (Agx = 560 nm) spectra of 12 in buffer at a pH of 6.88 (a and e) or 3.02
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Figure 3.17 Transmittance (a and ¢) and fluorescence (b and d) images (Agx = 561 nm, Agm = 575-750 nm,
scale bar = 25 um) recorded after incubation of HEK-293 and MCF-7 cells with PBS solutions of 1 and 5 for

1 hour.
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Figure 3.18 Transmittance (a and ¢) and fluorescence (b and d) images (Agx = 561 nm, Agm = 575-750 nm,
scale bar = 25 um) recorded after incubation of HEK-293 and MCF-7 cells with PBS solutions of 1 and 8 for

1 hour.
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Figure 3.19 Transmittance (a and ¢) and fluorescence (b and d) images (Agx = 561 nm, Agm = 575-750 nm,
scale bar = 25 um) recorded after incubation of HEK-293 and MCF-7 cells with PBS solutions of 12 for 2

hours.
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Figure 3.20 Transmittance (a and ¢) and fluorescence (b and d) images (Agx = 561 nm, Agm = 575-750 nm,
scale bar = 25 um) recorded after incubation of HEK-293 and MCF-7 cells with PBS solutions of 13 for 2

hours.
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Figure 3.21 Average intracellular emission intensities (Agx = 561 nm, Agm = 575-750 nm) recorded after
incubation of (a) HEK-293 and MCF-7 cells with PBS solutions of 13 for the time indicated on the horizontal
axis or (b) MCF-7 cells with first a PBS solution of folic acid, at the concentration indicated on the horizontal

axis, for 0.5 hours and then a PBS solution of 13 for 2 hours.



CHAPTER 4 Photochemical Barcodes
4.1. Background

The vast majority of experimental studies in chemical research requires the manipulation
of collections of identical species, ranging from small molecules to large particles,
diffusing in fluids and base their conclusions on the average behavior of such a multitude
of components. Most synthetic protocols, for example, rely on the combination of multiple
copies of complementary reactants in solution to allow their chemical reaction and the
generation of multiple copies of a target product’®. However, they cannot provide any
information on the fate of the individual components of the reacting mixture to establish
which reactant molecule is converted into which product molecule. The overwhelming
challenge in monitoring the evolution of specific individuals out of a large population of
identical species extends also to the biological world. The processes responsible for
embryogenesis, for example, demand multiple copies of identical cells to migrate in the
interior of a developing embryo and assemble into diverse tissues and, eventually, generate
distinct organs®®. Tracking the progression of individual cells in the course of such an
intricacy of processes with spatiotemporal precision to establish where a given cell
ultimately localizes in a certain organ is a daunting task. Similar analogies can be extended
from developmental to behavioral biology, which often requires the need to monitor the
behavior of selected individuals out of a large population of animals for prolonged periods

of time?*!.

The development of a general tool to mark chosen members of collections of
identical species, ranging from tiny molecules to developed organisms, with recognizable

labels and allow their spatiotemporal tracking without imposing any significant

perturbation on their behavior would, therefore, be of utmost significance in a diversity of
101
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disciplines across the biological and chemical sciences. On the basis of these
considerations, our laboratories designed a photochemical strategy to encode optical

barcodes?*>43

, in the form of unique combinations of multiple fluorescence signals, within
selected members of a given population of components with microscaled precision. Our
innovative method relies on the photochemical and photophysical properties of
photoactivatable fluorophores?!# 246250 to write optical codes with spatial control and then
track the marked species in time with the sequential acquisition of fluorescence images.
This article reports the experimental implementation of these unprecedented operating
principles and demonstrates their ability to permit the differentiation of multiple species
and their simultaneous monitoring for prolonged periods of time in vivo with a
representative example.

4.2. Results and Discussion

Our laboratories recently developed a mechanism for fluorescence activation based on the

unique photochemical behavior of 2H 4H-[1,3]oxazine heterocycles®!

and outstanding
photophysical properties of BODIPY chromophores3? 4252234 These studies ultimately
identified a viable structural design to shift bathochromically the main absorption of a
BODIPY chromophore with the photoinduced cleavage of an oxazine ring!'’!: 233256 The
resulting spectral shift can be exploited to excite selectively the photochemical product and
allow the activation of its fluorescence with ultrahigh contrast levels that would be,
otherwise, impossible to achieve with conventional mechanisms based on the photoinduced

suppression of quenching pathways? 72,

This behavior suggested the design of a
compound (1 in Figure 4.1) capable of undergoing two consecutive photochemical

reactions. It incorporates a BODIPY fluorophore and two photocleavable oxazines within
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the same covalent skeleton and can be synthesized in two steps from commercial and
known precursors (Figure 4.7). Upon illumination at an activation wavelength (Aac) within
the spectral region where the 2-nitrobenzyl chromophores absorb, the two oxazine
heterocycles cleave sequentially to convert 1 into 2 first and then 2 into 3 with the release
of two equivalents of 4 (Figure 4.1). Consistently, high-performance liquid
chromatography (HPLC) traces show the gradual decrease of a peak for 1 with the
concomitant increase of peaks for 2 and 3 during the photolytic transformation (Figure 4.8).
Analysis of the dependence of the relative peak intensities on the irradiation time indicates
the quantum yields (Table 4.1) for the two consecutive photochemical reactions to be 0.005

and 0.001 respectively.

1
B
Auxochrome

ON ¢ 0,

Switch

Figure 4.1 Photoinduced transformation of 1 into 2, 3 and 4.

The absorption and emission spectra (a and d in Figure 4.2) of 1 show bands with maxima
at wavelengths (Table 4.1) of 574 and 600 nm respectively. The photoinduced
disconnection of one of the two 2-nitrobenzyl switches changes the hybridization of the
carbon atom in position 2 of the 2H,3H-indole heterocycle from sp* in 1 to sp? in 2. This
structural transformation brings the BODIPY chromophore in electronic conjugation with
the adjacent indole auxochrome and shifts bathochromically the absorption and emission

bands (b and e in Figure 4.2) to 619 and 628 nm respectively. The subsequent
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photoinduced cleavage of the other oxazine heterocycle converts 2 into 3 and extends the
electronic conjugation of the BODIPY chromophore over yet another indole auxochrome.
As a result, the absorption and emission bands (¢ and fin Figure 2) shift even further to

663 and 673 nm respectively.

300 400 500 600 700 800
A (nm)

Figure 4.2 Normalized absorption (a—c) and emission (d—f) spectra of 1 (a and d, Agx = 540 nm), 2 (b and e,

Akx = 565 nm) and 3 (¢ and f; Agx = 590 nm) in MeCN at 25 °C.

The pronounced spectral shifts associated with the transformation of 1 into 2 and 3 provide
the opportunity to monitor the gradual conversion of these species with the sequential
acquisition of absorption and emission spectra (Figure 4.9) in acetonitrile solution during
the photolytic transformation. Similarly, the course of the two consecutive photochemical
reactions can be probed with the sequential acquisition of fluorescence images of either
poly(methyl methacrylate) (PMMA) films (Figure 4.10) or polystyrene (PS) beads (Figure
4.11) doped with these photoswitchable compounds. In both instances, any given region
of interest within the sample can be irradiated at a Aac of 405 nm to induce the two
sequential photochemical transformations. Concomitantly, the resolved emissions of 1, 2

and 3 can be recorded in three separate detection channels of the same fluorescence
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microscope. On the basis of this experimental protocol, the relative amounts of three
interconverting species, and hence the emission intensities detected in the three channels,
can be regulated in any illuminated area simply by controlling the irradiation time. For
example, PS beads with an average diameter of 3.0 um can be doped with 1 (5% w/w),
deposited on a glass slide and imaged in transmittance mode (a in Figure 4.3). Different
regions of the sample can be illuminated individually at Aac with identical power, but for
four distinct times. Then, fluorescence images of the activated sample can be recorded in
three detection channels and overlapped in a single frame (b of Figure 4.3). The emission
in one channel (green) can be collected between 575 and 600 nm, upon illumination at an
excitation wavelength (Aex) of 561 nm, to detect predominantly the fluorescence of 1. The
emission in the other two channels (red and blue) can instead be recorded at 645-660 and
750-800 nm respectively with a Aex of 633 nm in both instances to detect predominantly
the fluorescence of 2 and 3 respectively. A plot (¢ in Figure 4.3) of the resulting red and
blue emission intensities, reported relative to the green, clearly reveals that pristine (1 in b
of Figure 4.3) and activated beads (25 in b of Figure 4.3) can clearly be distinguished.
Specifically, each one of these five beads has a unique combination (barcode) of emission
values that allows their differentiation. Thus, individual members of a relatively large
population of identical beads can be marked photochemically with distinct barcodes to

permit the identification of these, otherwise undistinguishable, objects.
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Figure 4.3 Transmittance image (a, scale bar = 15 um) and overlap of three fluorescence images (b) of PS
beads, doped with 1 (5% w/w), recorded with a Agx of 561 nm and a detection window of 575-600 nm (b—
e), a Ax of 633 nm and a detection window of 645-660 nm or a Agx of 633 nm and a detection window of
750-800 nm after illumination of individual beads at a A, of 405 nm (50 mW cm™2) for 0 (Bead 1), 2 (Bead
2), 3 (Bead 3), 5 (Bead 4) or 20 min (Bead 5) together with the relative emission intensities (c¢) of the five
beads.

The mild visible illumination conditions sufficient to induce the transformation of 1 into 2
and 3 suggest that it should be possible to write barcodes within living organisms with no
toxic effects. In order to test this possibility, the nematode Caenorhabditis elegans was
incubated with an aqueous dispersion of PS beads, doped with 1, to allow the uptake of the
fluorescent particles via pharyngeal pumping into the intestine. Sequential fluorescence
images reveal bead accumulation in the gut lumen, consistently with a previous study?®'.

Treatment of the labeled worms with muscimol, a GABA-A receptor agonist*®, paralyzes

the organism?® sufficiently to allow stable illumination and photoconversion of particles
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within distinct regions of the gut lumen. Indeed, overlaps of fluorescence images, collected
in the three detection channels before and after (@ and b in Figure 4) irradiation exclusively
within the posterior intestine, clearly demonstrate that the photochemical transformation is
restricted to the illuminated region. Magnifications of the activated area, recorded before
(c in Figure 4.4) and after illumination for 5, 10 and 20 min (d—fin Figure 4.4), together
with the corresponding barcodes (g in Figure 4.4) confirm the gradual conversion of 1 into

2 and 3.
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Figure 4.4 Overlaps of brightfield transmittance and three fluorescence images (scale bar = 100 um) of a

Caenorhabditis elegans worm labeled with PS beads, doped with 1 (5% w/w), recorded with a Agx of 561 nm
and a detection window of 575-600 nm, a Agx of 633 nm and a detection window of 645—-660 nm or a Agx of
633 nm and a detection window of 750—800 nm before (a) and after (b) illumination of the nematode tail at

a Aac of 405 nm (50 mW cm2) for 30 min and magnifications (scale bar = 3 pum) of the tail acquired before
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(c¢) and after illumination for 5 (d), 10 (e) and 20 min (f) together with the corresponding relative emission

intensities (g).
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Figure 4.5 Overlap of brightfield transmittance and fluorescence images (a and b, scale bar = 100 um) of a
Caenorhabditis elegans labeled with PS beads, doped with 1 (5% w/w), recorded with a Agx of 561 nm and
a detection window of 575-600 nm, a Agy of 633 nm and a detection window of 645—660 nm or a Agx of 633
nm and a detection window of 750—-800 nm after illumination of individual regions within the nematode at a
Aac of 405 nm (50 mW cm?) for 5 (Area 1), 0 (Area 2), 10 (Area 3), 0 (Area 4) and 20 min (Area 5) together

with the corresponding magnifications (scale bar = 20 um) and relative emission intensities.
The very same experimental protocol can be exploited to write distinct barcodes in different
regions of the same animal and then monitor their temporal evolution. Once again, images

(Figure 4.12) of a nematode incubated with the doped PS beads and treated with muscimol
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show fluorescence in the animal interior. Illumination of three regions of the labeled
organism at Aac with the same power, but for different times, produces distinct relative
amounts of 1, 2 and 3. Comparison of the corresponding images (1, 3 and 5 in Figure 4.5)
to those (2 and 4 in Figure 4.5) of areas that were not activated clearly confirms the
photochemical conversion. Indeed, each one of the activated area (1, 3 and 5) has a unique
barcode (Figure 4.5) that differs from those of the pristine areas (2 and 4) of the animal.
Over the course of a few hours, the effects of muscimol fade and the paralyzed nematode
gradually resumes its normal activity. Sequential fluorescence images, collected during
this period of time, clearly demonstrate that the animal survives the bead uptake as well as
the irradiation conditions required to induce the photochemical transformations.
Furthermore, the barcodes imprinted in the nematode remain unchanged to allow the
tracking of the labeled areas in time. For example, four images collected consecutively
over 77 s show the translocation of one barcoded region (2 in Figure 4.6) along the
intestinal tract of the animal. The pharyngeal pump pushes this particular area from the
head to the tail of the animal and then back, while the other two barcoded regions (1 and 3
in Figure 4.6) maintain their original position. During these dynamic processes, the relative
emission intensities of the three channels in each labeled region remain approximately
constant and the barcodes detected in the initial and final frames are essentially identical

(Figure 4.6).
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Figure 4.6 Overlaps of brightfield transmittance and fluorescence images (scale bar = 50 um) of a
Caenorhabditis elegans labeled with PS beads, doped with 1 (5% w/w), recorded sequentially over the course
of 77 s with a Agx of 561 nm and a detection window of 575-600 nm, a Agx of 633 nm and a detection window
of 645-660 nm or a Agx of 633 nm and a detection window of 750-800 nm after illumination of individual
regions within the nematode at a A of 405 nm (50 mW cm) for 5 (Area 1), 0 (Area 2) and 10 min (Area

3) together with the relative emission intensities measured for each area in the initial and final frames.

Our results demonstrate that the consecutive disconnection of two photocleavable oxazines
from the same BODIPY chromophore, under the influence of mild visible illumination,
can be exploited to generate mixtures of three fluorophores with resolved emissions inside
polymer beads. The illumination conditions can be adjusted to regulate precisely the
relative amounts of the three-emissive species to imprint barcodes, each consisting of three
fluorescence signals, within individual beads. On the basis of this protocol, selected
members of relatively large populations of, otherwise identical, beads can be marked with
unique and detectable codes to allow their individual tracking in time. Furthermore, the
visible wavelengths and moderate intensities, sufficient to induce these photochemical

transformations, permit the photochemical imprinting of barcodes also in living nematodes.



111

Different regions of the very same animal, labeled with the photoswitchable beads, can be
marked with distinct barcodes and their dynamics tracked for prolonged periods of time.
Thus, our operating principles for photochemical barcoding can evolve into a general
strategy for the imprinting of multiple, but distinguishable, labels in vivo with
unprecedented spatial and temporal control.

4.3. Experimental Procedures

Chemicals were purchased from commercial sources and used as received. CH2Cl2 and
MeCN were distilled over CaH2. H20 (18.2 MQ cm) was purified with a Barnstead
International NANOpure Dlamond Analytical system. Compounds 5-7 were prepared
following literature protocols'’!: 24, Electrospray ionization mass spectrometry (EISMS)
was performed with a Bruker micrOTO-Q II spectrometer. NMR spectra were recorded
with a Bruker Avance 400 spectrometer. Doped polymer nanoparticles were prepared by
combining CH2Cl: solutions of 1 (0.1 mg mL™!, 50 uL) and 7 (2.5 mg mL™!, 200 pL) and
heating the resulting mixture at 40 °C in an open vial. After the evaporation of the solvent,
the residue was purged with air, dispersed in PBS (1 mL), sonicated for 5 min and flashed
through a syringe filter with a pore size of 0.2 um. The filtrate was used for the imaging
and spectroscopic measurements without further purification. Absorption spectra were
recorded with a Varian Cary 100 Bio spectrometer in quartz cells with a path length of 1.0
cm. Emission spectra were recorded with a Varian Cary Eclipse spectrometer in aerated
solutions. Fluorescence quantum yields were determined against EtOH solutions of either
the acetate salt of Cresyl Violet (¢r = 0.54) or the perchlorate salt of Oxazine 1 (¢r =0.15),

1238

following a literature protocol™°. Photolyses were performed in aerated solutions with a

Luzchem Research LZC-4V photoreactor, operating at 350 nm (4.2 mW cm2), and the
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corresponding quantum yields were determined with a potassium ferrioxalate actinometer,
according to an established procedure?®. HPLC was performed with an Agilent Microsorb
100-5 BDS column (4.6 x 250 mm) operated with a Shimadzu Nexera X2 system in
MeCN/Hz0 (9:1, v/v) at a flow rate of 1.0 mL min' and detection wavelength of 275 nm.
Doped polymer films were prepared by spin coating CH2Clz solutions of PMMA (120 kDa,
20 mg mL™") and 1 (50 pug mL™") with a Chemat Technologies KW-4A spin coater at 1,200
rpm for 60 s on glass coverslips. Doped polymer beads were prepared by pouring dropwise
aliquots (1.0 mL) of THF solutions of PS (44 kDa, 1.0 mg mL ") and 1, 2 or 3 (50 ug mL"
1 into H2O/EtOH (6:1, v/v, 5.0 mL). The resulting dispersions were maintained at ambient
temperature for 3 hours in an open vial and used directly for the photolysis and
spectroscopic experiments. Aliquots (10 uL) of the dispersions were transferred on glass
coverslips, dried in an oven at 120 °C for 2 min and imaged. Fluorescence images were

recorded with a Leica SP5 confocal laser-scanning microscope.
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Figure 4.7 Synthesis of 1-3.

1 and 2. A solution of 3 (200 mg, 0.32 mmol) and 6 (298 mg, 1.3 mmol) in MeCN (30
mL) was heated under reflux for 12 hours. The solvent was distilled off under reduced
pressure and the residue was purified by column chromatography [SiO2, hexanes/AcOEt
(95:5 - 90:10, v/v)] to give 1 (30 mg, 10%) as a pink solid and 2 (20 mg, 10%) as a purple

solid. 1: ESIMS: m/z = 923.3530 [M + H]" (m/z caled. for Cs4H4sBF2NsOs = 923.3540);
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"H NMR (CD3Cl): 6 =7.75 (1H, d, 8 Hz), 7.64 (1H, d, 8 Hz), 7.44 (2H, d, 16 Hz), 7.37—
7.29 (5H, m), 7.26-7.23 (1H, m), 7.21-7.07 (6H, m), 6.90 (2H, t, 7 Hz), 6.82—6.73 (4H,
m), 6.69 (2H, d, 8 Hz), 6.64-6.56 (2H, m), 5.14 (2H, d, 19 Hz), 4.84 (2H, d, 19 Hz), 2.46
(3H, s), 1.64 (6H, s), 1.26 (6H, s); 3*C NMR [(CD3)2CO]: § = 154.73, 152.94, 147.30,
146.84, 140.77, 137.90, 135.96, 132.51, 131.04, 130.32, 129.13, 127.78, 127.41, 123.85,
123.76, 122.31, 120.64, 117.71, 117.52, 116.89, 108.76, 101.48, 101.35, 50.49, 39.87,
34.67,31.58,29.06,26.37,25.28, 22.64, 21.40, 20.69, 18.77, 14.10, 11.41. 2: ESIMS: m/z
= 772.3288 [M + H]" (m/z caled. for C47H41BF2N503 = 772.3271); '"H NMR (CD3CN): §
=8.14 (1H, d, 16 Hz), 7.69 (2H, dd, 1 and 8 Hz), 7.50 (4H, t, 7 Hz), 7.46-7.36 (6H, m),
7.32 (1H, dd, 1 and 7 Hz), 7.28 (1H, dd, 1 and 8 Hz), 7.25-7.21 (2H, m), 7.12 (1H, td, 1
and 8 Hz), 7.08 (1H, d, 5 Hz), 6.97 (2H, t, 5 Hz), 6.89 (1H, td, 1 and 8 Hz), 6.80 (1H, d, 8
Hz), 5.10 (1H, d, 19 Hz), 4.87 (1H, d, 19 Hz), 2.47 (3H, s), 1.62 (3H, s), 1.50 (6H, d, 3
Hz), 1.25 (3H, s).
3. A solution of 5 (500 mg, 1.7 mmol), 2,3,3-trimethyl-3H-indole (1.08 mg, 6.8 mmol)
and trifluoroacetic acid (TFA, 50 uL, 0.7 mmol) in EtOH (30 mL) was heated under reflux
for 12 hours. After cooling down to ambient temperature, the solvent was distilled off
under reduced pressure. The residue was dissolved in AcOEt (50 mL) and washed with
aqueous HCI (1 M, 3 x 50 mL). The organic layer was dried over Na2SO4 and the solvent
was distilled off under reduced pressure. The residue was dissolved in CH2Cl2 (30 mL)
and the resulting solution was degassed with Ar. 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, 454 mg, 2.0 mmol) was added and the solution was stirred at ambient
temperature under Ar for 30 min. After the sequential addition of Et3N (3 mL, 21.5 mmol)

and BF3-Et20 (3 mL, 23.4 mmol), the mixture was stirred for a further 3 hours under the
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same conditions and washed with a saturated aqueous solution of NaHCO3 (3 x 30 mL).
The organic layer was dried over Na2SOa4 and the solvent was distilled off under reduced
pressure. The residue was purified by column chromatography [SiO2, hexanes/AcOEt
(95:5 — 70:30, v/v)] to give 3 (120 mg, 12%) as a dark green solid. ESIMS: m/z =
621.3021 [M + H]" (m/z calcd. for Cs0H3sBF2N4 = 621.3001); 'TH NMR [(CD3)2CO]: § =
8.41 (2H, d, 16 Hz), 7.67-7.58 (6H, m), 7.53-7.47 (3H, m), 7.46 (3H, d, 5 Hz), 7.42-7.37
(2H, m), 7.31 (2H, t, 7 Hz), 7.07 (2H, d, 4 Hz), 2.50 (3H, s), 1.53 (12H, s); 3*C NMR
[(CD3)2CO]: 0 = 182.37, 154.43, 153.68, 147.23, 140.96, 137.30, 130.96, 130.68, 130.58,
129.29, 127.88, 127.48, 126.95, 126.37, 121.43, 121.20, 118.35, 52.66, 48.44, 39.30,
22.66, 20.58.

Nematode Imaging. Caenorhabditis elegans KG1180 lite-1(ce314) strain®®® was grown
at 20 °C on standard nematode growth medium (NGM) plates seeded with Escherichia coli
OP50 bacteria and used for imaging experiments, as described previously?®* 26, A
dispersion of PS beads (0.02 mg mL™"), doped with 1 (5% w/w), in sterile phosphate buffer
saline (100 uL) was deposited dropwise on a standard seeded NGM plate. Age-matched
adult hermaphrodites (~24 hours past the L4 larval stage) were transferred onto the plate
and incubated at 20 °C for 2—5 hours to allow the bead uptake. Nematodes were transferred
into a drop (~3 uL) of a H20 solution of muscimol (10 mM) deposited on a 3% agarose
pad prepared on a glass slide. After paralysis, the worms were covered with a coverslip,
transferred on the stage of a confocal laser-scanning microscope and imaged. Muscimol
allowed the retention of the fluorescent beads in the gut lumen during long-term imaging.
At the end of the experiment, the coverslip was removed and the worms were transferred

back to seeded NGM plates to reverse the muscimol block and confirm animal viability.
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Figure 4.9 Absorption (@) and emission (b and ¢) spectra recorded before and during the photolysis (Aac =
350 nm, 4.2 mW c¢m) of a MeCN solution of 1 (10 uM) for 30 min at 25 °C.
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Table 4.1 Absorption (Aab) and emission (Agm) wavelengths, molar absorption coefficient (g), fluorescence

quantum yield (¢r), brightness (¢ x ¢r) and activation quantum yield (¢a) of 1-3 in aerated MeCN at 25 °C
[a].

Aab AEm € Or € X Or Oa
(nm) (nm) (mM' cm™) (1072) (mM' cm™) (1073
1 574 600 95.1 1 1 5
2 619 628 69.5 4 3 1
3 663 673 84.5 16 14

[a] The values of ¢r were determined against EtOH solutions of either the acetate salt of Cresyl Violet (¢r = 0.54) or the

perchlorate salt of Oxazine 1 (¢r = 0.15). The values of ¢pa were determined against a potassium ferrioxalate actinometer from
the temporal evolutions of the concentrations of 1-3 monitored by HPLC during photolysis.
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Figure 4.10 Fluorescence images of a PMMA film, doped with 1 (0.25% w/w), before (a, e and 7) and after
(b—d, f~h and j-I) irradiation of a square in the center of the imaging field for increasing times, temporal
evolutions of the average emission intensities (m—o), measured in the central square, and corresponding

relative emission intensities (p).
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Figure 4.11 Brightfield (a) and fluorescence images of PS beads, doped with 1 (5% w/w), recorded before
(b, fand j) and after (c—e, g—i and k—m) irradiation of the entire imaging field for increasing times, temporal
evolutions of the emission intensities (0—¢q), averaged across five beads, and corresponding relative emission

intensities (7).
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Figure 4.12 Overlaps (a and b) of brightfield images and three fluorescence channels (green: Agx = 561 nm,
AEm = 575-600 nm; red: Agx = 633 nm, Agm = 645-660 nm; blue: Agx = 633 nm, Agy, = 750-800 nm) of a C.
elegans labeled with PS beads, doped with 1 (5% w/w), and magnifications (c—g) of selected regions.
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