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Abstract

Bioimaging based on luminescence has brought revolutionary advancement in studying
biology and biomedicine. The family of difluoroboron (-diketones (BF:bdks) dye polymeric
materials has been widely used as imaging and sensing reagents. These materials possess unique
dual-emissive properties, that is, fluorescence (F) and oxygen sensitive room temperature
phosphorescence (RTP), making them ideal for ratiometric oxygen sensing where the fluorescence
serves as an internal standard and the phosphorescence is the oxygen sensor. The properties
including emission, lifetime, and oxygen sensitivity are tunable by boron dye modification and
polymer conjugation, which provides a wide range of potential biological applications for the dye
polymer materials.

The material behaviors in relevant biological environment are studied, and material
engineering and optimization for multiple biological purpose are discussed. First, the blue boron
nanoparticles were optimized as cell tracking reagents in immunology. Second, active targeting
was achieved by appropriate surface modification with biomolecules to improve delivery and
tumor accumulation. For example, folic acid was conjugated to fabricate multi-color and oxygen
sensing nanoparticles. Then, new oxygen sensing dyes were designed to be used with
red/green/blue (RGB) color camera, and their utilities were demonstrated in murine wound oxygen
imaging. Finally, oxygen sensing method was established to study oxygen consumption and brain

activity in the brain slices.
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Chapter 1: Introduction to Luminescence, Polymeric Materials and

Bioimaging



As one of the most important techniques during the past decades, fluorescence imaging
brings new insight and understanding to biology and medicine.! Revolutionary advances are due
to a combination of novel fluorophores, modern instrumentation and software, and multiplex
biological models.>” Among fluorescent probes, small organic fluorophores are of interest, such
as the difluroboron B-diketones (BF2bdks) dye family, which is the focus of this thesis. In this
research, BF2bdk polymers were functionalized and optimized for applications in oxygen sensing
and imaging. Luminescence, organic and polymer synthesis, and material design (e.g.,
nanofabrication), along with current biological issues will be covered in this introductory chapter.
1.1 Photoluminescence

Luminescence is the emission of light from a substance.! There are several different ways
that the light can be produced. For example, the energy released from chemical reactions leads to
chemiluminescence (e.g., bioluminescence or eletrochemiluminescence). Application of heat can
produce thermoluminescence, and absorption of photons results in photoluminescence. Designing
luminescent materials requires an understanding of the mechanism and applications of interest,
which underlies the optical characteristics of each type of luminescence. In terms of
photoluminescence, extinction coefficient (€), excitation (Aex) and emission (Aem), lifetime (1), and
quantum yield (@) are important parameters.

1.1.1 Fluorescence and Phosphorescence

Photoluminescence is a result of radiative relaxation of an electron from an excited state
(S1) to the ground state (So) after photon absorption. Depending on the electronic configuration of
the excited state, photoluminescence can be further divided into two categories, fluorescence (F)
and phosphorescence (P). A simple Jablonski Diagram is shown in Figure 1.1 to illustrate these

radiative decay processes. Typically, a molecule is excited to a higher vibrational level of either



S1 or Sz by light irradiation. Following by photon absorption, most of the molecules rapidly relax
back to the lowest vibrational level of S; through a process called internal conversion (IC). This
process usually occurs within 10712 s or less and is much shorter than the lifetime of fluorescence,
therefore it is complete prior to emission. Fluorescence emission is the radiative decay from the
thermally equilibrated excited state (i.e., the lowest vibrational level of Si) where the electron is
repaired with the electron in the Sy orbital. Because spin is paired, fluorescence usually occurs
rapidly within nanoseconds.!®!! In certain cases, the molecule can undergo a spin conversion to
the triplet excited state (T1) by intersystem crossing (ISC). The emission from Ti is known as
phosphorescence. Because the relative energy gap between T and So is smaller than that of S1 and
So, phosphorescence is longer in wavelength than fluorescence. Transition from T; to S states is
spin forbidden, and as a result the triplet emission is normally several orders slower than
fluorescence. When the molecule is in the triplet state, there is also possible to back populate the
singlet state. This process is called reverse intersystem crossing and is thermally allowed, and

subsequent emission is referred to as thermally activated delayed fluorescence (TADF).!?
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Figure 1. 1. Jablonski Diagram. SO = singlet ground state, Sn = singlet excited state, S1 = lowest
energy singlet excited state, Ex = excitation, IC = internal conversion, F = fluorescence, ISC =
intersystem crossing, Tn = triplet excited state, T1 = lowest energy triplet excited state, P =
phosphorescence.

1.1.2  Spectroscopic Parameters



Based on the mechanism of photoluminescence illustrated above, the production of light
can be generally divided into two processes: photon irradiation (absorption) and radiative
relaxation (emission). The main spectroscopy instruments that are involved in analyzing
photoluminescence materials are a UV-Vis spectrophotometer and a spectrofluorometer. The light
absorption of a molecule is measured by UV-Vis spectroscopy where the sample is scanned
through a range of wavelengths and the transmitted light is detected. The intensity and
corresponding wavelength of transmitted light is compared to a blank control, which provides
information on the molar extinction coefficient (¢) and maximum absorption (Aabs). According to
the Beer-Lambert Law (Eq. 1.1), the molar extinction coefficient (in cm M) can be determined
by the optical density (A, absorption value at Aaps), the path length of the sample (b), and the molar
concentration (c).!* The absorption spectrum is indicative of molecular electronic transitions from
the ground state to the singlet excited state, an important feature associated with the chemical
structure. In particular, the extinction coefficient and maximal absorption must be matched to the
application of interest, and can be further tuned by chemical modification.

A = ¢bc Equation 1.1

A spectrofluorometer, on the other hand, is the instrument used to monitor radiative decay
from excited state to ground state. Generally, the components include a light source to yield a
constant photon output with all wavelengths, the monochromators that select excitation and
emission wavelength, a photomultiplier tube to detect fluorescence, and appropriate electronic
devices to quantify the spectrum. The spectrofluorometer is usually able to record both excitation
and emission spectra. While an emission spectrum is the wavelength distribution of an emission
at a fixed excitation wavelength, an excitation spectrum is the opposite. It measures emission

intensity at a fixed emission wavelength under a range of excitation wavelengths. Absorption (Aavs)



in conjunction with emission maxima (Aem) are valuable parameters describing the optical
properties of luminescent materials, and are normally reported for newly designed fluorophores.
An illustration of absorption and emission spectra is shown in Figure 1.2. A Jablonski diagram
reveals that emission energy of fluorescence is generally lower than that of absorption due to
internal conversion and nonradiative decay. The wavelength difference between absorption and
emission is called the Stokes Shift. Also, because of the rapid decay to the lowest vibrational level
of Si, the observed emission spectrum is independent of excitation wavelength. This additionally
leads to another important feature: for most fluorophores, the emission is the mirror image of So

—> S transition, not of total absorption.
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Figure 1. 2. Absorption and emission spectra of difluoroboron benzoylnaphthoylmethane in
dioxane (1 x 10-5 M; Aex = 369 nm).

Fluorescence measurements can be generally classified into steady-state and time-resolved
methods. Steady-state, the most common way to monitor excitation and emission spectra, requires
constant illumination and observation. While for time-resolved measurement, the sample is

exposed to a pulse of light, where the pulse width is usually shorter than the decay time. Time-



resolved techniques are useful in tracking intensity decays or fluorescence anisotropy. In steady-
state (constant illumination), fluorescence and lower energy phosphorescence (if present) can both
be observed in a total emission spectrum. To isolate phosphorescence, time-resolved (gated
technique) may be conducted by applying a gate between the time scale of fluorescence (ns) and

phosphorescence (ms) while the sample is excited, typically with a flash lamp.

_ o, 190rn? i
Q =0 In 0D 2 Equation 1.2

Two other important characteristics of fluorophores are lifetime (t) and quantum yield
(®).! The lifetime of the excited state is defined as the average time the molecule spends in the
excited state before emitting a photon and returning back to ground state. The measurement of
lifetime is a time-resolved method. When the sample is illuminated with a short pulse of light,
emission intensity versus time is recorded with a detector, typically time-correlated single photon
counting (TCSPC).'"* Fluorescence lifetime (tr) and phosphorescence lifetime (tp) are then
determined from the slope of intensity decay. Lifetime is an intrinsic property of the fluorophore,
independent of external factors. Therefore, it has found important applications in lifetime-based
assays, sensing, and imaging.'> Quantum yield is a measure of photon efficiency defined by the
ratio of the number of emitted photons to the number of absorbed photons. For quantum yield
measurement, a reference fluorophore (e.g. quinine sulfate, anthracene, or Rhodamine G6) with
an excitation wavelength compatible to the sample is generally required.!® Both absorption and
emission need to be recorded for the reference and the sample, and the quantum yield is given by
Eq.1.2 where Q is the quantum yield of the sample and Qr is the quantum yield of the reference
(note: variables with subscript R refer to the reference). I is the integration of emission, OD is the
optical density or absorbance, and n is the refractive index of the solvent. Quantum yield along

with extinction coefficient determine fluorescence intensity of a molecule, and the brightness of a



fluorophore is defined by multiplying quantum yield and extinction coefficient. Brighter
fluorescence is desirable in cellular and tissue imaging to efficiently label region of interests.

All of these spectroscopic parameters of a fluorophore are related to the chemical structure
and should be considered in designing materials. For example, fluorophores with emission beyond
700 nm are desirable because the light has its maximum depth penetration within the tissue in this
longer wavelength range. To illustrate how the emission of a fluorophore is optimized by chemical
modification, an example of red-shifting a new class of rhodamine-based fluorophores to achieve
near infrared (NIR) emission was shown in Figure 1.3.!7 The design strategy originates from the
understanding of fluorescence on-off observed for malachite green (MG) dye. That is, when the
MG dye binds to RNA aptamers or cell surface proteins, the molecule is locked in a rigid planar
configuration, thereby inhibiting vibrational deexcitation and activating fluorescence. As shown
in Figure 3, by replacing the thodamine 10-position O atom with a sulfone group, the absorption
and maxima emission of SO2R analogs is much longer than OR, CR, and SIR derivatives and
reaches up to 750 nm. This is due to unusual d*-n* conjugation and smaller energy gap between

HOMO and LUMO.
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Figure 1. 3. Comparison of Photophysical Properties of OR, CR, and SIR Dyes (A) with Those of
MG (B) and Sulfone Rhodamine SO2R Derivatives (C). This figure was reproduced from Liu et
al., ACS Appl. Mater. Interfaces 2016, 8, 22953-22962.!7 Copyright American Chemical Society.
1.2 Biomedical Oxygen Sensing and Imaging
1.2.1 Fluorescence Imaging

Fluorescent dyes play important roles in biological and biochemical imaging.'® Cell and
tissue imaging with distinctly emitting fluorophores are versatile tools to locate subcellular and
multicellular structures.!®-2! Tracking fluorescently labelled cells is a common strategy to assess
cell behavior in vitro and in vivo. Moreover, based on fluorescence quenching or enhancement, the
fluorescence imaging can be used to quantify pH, enzyme substrates concentration, protein binding,

22,23

O: level, and more. Cultured cells are simple and useful models to evaluate fluorescent dyes



from traditional organic dyes to novel nanomaterials. By binding to cellular organelles,
fluorophores with distinct wavelengths can be used and detected simultaneously for visualizing
colocalization of cell division. For example, in in vitro imaging, muntjac skin fibroblast cells were
imaged by using green fluorescent Alex Fluor 488 Phalloidin to label F-action, orange fluorescent
Alex Fluor 555 goat anti-mouse secondary antibody to label mitochondria, and TO-PRO-3 far-red

fluorescence to label nuclei (Figure 1.4).24
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Figure 1. 4. Intracellular Imaging. A) Multiplexed confocal imaging of fixed and permeabilized
muntjac skin fibroblast cell. B) Chemical structures of fluorescent labels used in cellular imaging:
green dye AlexFluor 488, orange dye AlexFluor 555, and far red dye TO-PRO-3. Images
reproduced from Kilgore et al., Curr. Protoc. Cytom. 2014, 67, 12.32.1-12.32.17.2* Copyright John
Wiley & Sons, Inc.

Small organic dyes have attracted research interest over the past decades, given their
tunable chemical structures. Moreover, nanosized fluorescent reagents are becoming more and

more attractive candidates for biological labeling owing to their unique physical properties,
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including polymer-based nanoparticles, inorganic nanocrystal quantum dots, and carbon dots.
Polymeric nanoparticles are usually fabricated from hydrophobic or amphiphilic chain polymers
or branched dendrimers. While possessing cell-membrane penetrating features, these materials
shield the traditional fluorophore from interacting with biological components and provide
improved biodegradability and with decreased cytotoxicity. Fluorescent quantum dots and carbon
dots are also commonly used in cancer imaging and therapy, especially for multimodal biomedical
imaging such as NIR fluorescence-magnetic resonance imaging.?®> For example, an approach of
generating carbon dots (CDs) emitting red, green, and blue (RGB) colors based on three isomers
of phenylenediamines was demonstrated, and a full-color emissive film can be achieved by mixing
any of those carbon dots.?® This class of fluorescent carbon dots is applicable in live cells for

multicolor imaging as shown in Figure 1.5.
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Figure 1. 5. Multicolor Fluorescent Carbon Dots. A) Preparation of RGB CDs from three different
phenylenediamine isomers. B) Visualization of 0-CDs, m-CDs, p-CDs under UV excitation. C)
Confocal fluorescence imaging of 0-CDs, m-CDs, p-CDs in MCF-7 cells. Images reproduced from
Jiang et al., Angew. Chemie Int. Ed. 2015, 54, 5360-5363.26 Copyright John Wiley & Sons, Inc.

Photostability and cytotoxicity are two major obstacles that need to be addressed in

fluorescence imaging. Photobleaching is a common problem for fluorophore molecules where
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excitation exposure necessary to stimulate them to fluorescent results in chemical damage of the
molecules. Other than chemically modifying the sensor to a more stable structure, there is the
possibility to circumvent photobleaching by using excitation sources of lower energy (e.g., two
photon microscopy) and filtering out the light source that cannot excite the sample. The toxicity
of fluorescent dyes to cells or tissue limits the application in biological aimaging. To minimize
cytotoxicity of fluorophores, chemicals that are biocompatible and biodegradable are preferred in
material engineering. This ensures the cells are unaffected by labelling and generates accurate
results in tracking cellular activity and in in vivo labeling, especially for long-term imaging.
1.2.2  Phosphorescence Quenching

As illustrated by a Jablonski diagram, phosphorescence is the emission from the triplet
state. The transition from singlet state to the triplet state via ISC requires a spin conversion and
takes a much longer time, which gives the molecule enough time to interact with the environment.
Oxygen is one of the molecules that can quench phosphorescence. When molecular oxygen, a
triplet molecule in the ground state, collides with phosphor in its triplet-excited state, the energy
can be easily transferred from the phosphor to oxygen, leading to phosphorescence quenching.?’
Oxygen concentration or partial pressure is correlated to phosphorescence. In particular, the
relationship between phosphorescence and the oxygen level can be described by the Stern Volmer

equation (Eq. 1.3-1.4):

ITO — T?O = 1 + KSV[Q] Equation 1.3
Ky = k470 Equation 1.4

where Iy and 19 are the unquenched phosphorescence intensity and lifetime, and I and t are the
intensity and lifetime of the sensor response. The quenching constant Ksv is a combination of

unquenched lifetime and oxygen diffusion through the matrix, and a longer lifetime is related to
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higher sensitivity.?® Phosphorescence imaging provides an effective way for oxygen measurement
in both spatial and temporal resolution.

Room temperature phosphorescence (RTP) is rare in purely organic materials, therefore
efforts have been made to enhance phosphorescence intensity for more accurate oxygen
detection.?*3! In quantum mechanics, the perturbation factor & describing singlet-triplet mixing
by first order spin-orbit coupling can be illustrated as Eq. 1.5 where ¥! and ¥ represent
wavefunctions of singlet and triplet states, Hs, refers to spin-orbit Hamiltonian, and E; and E3 are
energy levels for singlet and triplet states. As spin-orbit interactions are substantial, a change in
spin is thus more favorable. It is known that Hy, is greater with heavier elements, therefore heavy
atoms (e.g., metal, halogen) are usually introduced to increase the rate of intersystem crossing and
to enhance phosphorescence intensity (heavy atom effect).>33

5 = (W3|HsolY?)
|E1— E3|

Equation 1.5
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Figure 1. 6. Chemical Structure of Oxyphor R2 (A) and Oxyphor G2 (B). The second generation
of glutamate dendrimers of Pd-meso-tetra-(4-carboxyphenyl)porphyrin and Pd-meso-tetra-(4-
carboxyphenyl)tetrabenzoporphyrin.
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Metalloporphyrin derivatives are a class of phosphors that are most commonly used in
oxygen sensing.>*3” These compounds have merits in significantly high RTP quantum yield, red
emission, and long phosphorescence lifetime. Early reports of phosphors Oxyphor R2 and
Oxyphor G2 (Figure 1.6) based on Pd-meso-tetra-(4-carboxyphenyl)porphyrin and Pd-meso-tetra-
(4-carboxyphenyl)tetrabenzoporphyrin, respectively, have found successful application in living

tissue oxygen measurement. *® The diverse end groups of porphyrin-based dyes enable further

functionalization for improved properties and advanced material fabrication. For example, the
addition of poly (ethylene glycol) (PEG) has increased sensor stability as well as minimized
interference from albumin binding.’® To enhance cell penetration, the Evans group designed
porphyrin dendrimers G3-CAOS that can spontaneously penetrate multiple cell layers in a 3D
model (Figure 1.7).%° The authors synthesized azido-functionalized analogues of platinum meso-
tetraphenyltetrabenzoporphyrin (PtTBP) surrounded by poly (amidoamine) (PAMAM) like
dendritic units, and demonstrated the ability of this NIR phosphorescent sensor in lifetime oxygen
sensing. Other metal containing phosphors, such as ruthenium and iridium complexes are also
popular as oxygen sensing reagents. Although metal complexes are often expensive and may
introduce toxicity in biological samples, these issues can be overcome by metal-free compounds
having halogen substitutions (i.e., Br, I). For example, the Kim group achieved bright RTP from
purely organic crystals by combing aromatic carbonyls, the heavy atom effect, and halogen

bonding.*!
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Figure 1. 7. Oxygen Sensing Porphyrin Dendrimers. A) Structure of the third generation click-
assembled oxygen sensor (G3-CAOS). B) NIR phosphorescence confocal imaging shows that G3-
CAOS could spontaneously penetrate 3D ovarian cancer spheroids; from left to right is no
treatment control (bottom/gray panels: transmission channel), G3-CAOS treated for 4 h and
imaged under air, and G3-CAOS treated for 4 h and imaged under nitrogen. Images were
reproduced by Nichols et al., Angew. Chem. Int. Ed. 2014, 53,3671 -3674.%° Copyright John Wiley
& Sons, Inc.

Phosphorescence lifetime and emission are important characteristics to consider when
designing, optimizing, and engineering phosphors, as they are directly related to oxygen sensing
applications. Recently developed phosphors are listed in Table 1.1, with optical properties listeds.
For efficient delivery and localization, traditional phosphors are developed into nanoconjugates,
bioconjugates, films, and fibers in combination with advanced material engineering and

nanotechnology.

Table 1. 1. Commonly used O, sensitive phosphorescent dyes and their optical characteristics

Nex Aem Brightness
Phosphor Dye  (nm) (nm) to(us) e® (M'em™) Photostability Refs
PdTCPTBP 442, 632 790 251 6000 Moderate 38
PtPFPP 390, 504, 538 647,710 60 28 424 High 4243
PtTPTBPF 430, 615 773 50 87 600 High .
[Ru(dpp)s]*'Cl. 463 618 6.4 10 467 High 45.46
PtCP 380, 535 650 67 56 000 Modest 47
[Ir(btp)2(acac)]** 408 596 6.4 50112 Modest 48,49
PdTCPTBP: Pd-meso-tetra-(4-carboxyphenyl)tetrabenzoporphyrin; PtPFPP: Pt(II)-
tetrakis(pentafluorophenyl)porphine; PtTPTBPF: Pt-meso-tetra-(4-

fluorophenyl)tetrabenzoporphyrin; Ru(dpp)s: tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)
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chloride;  PtCP: Pt-coproporphyrin; [Ir(btp)a(acac)]*": Iridium (III) bis(2’-benzothienyl)-
pyridinato-N,C) (acetylacetonate)] trichloride; (Ir(btp)2(acac)Aex: maxima excitation wavelength;
Aem: Maxima emission wavelength; €: molar absorptivity; ®@: phosphorescence quantum yield; to:
unquenched phosphorescence lifetime.

1.2.3  Phosphorescence Oxygen Sensing

An important applications of phosphorescence imaging is oxygen sensing.?®*® Molecular
oxygen (O2) plays an essential role in living creatures.*>>* In eukaryotic cells, oxygen is required
as a terminal electron acceptor in the aerobic metabolic process known as oxidative
phosphorylation.®! This reaction takes place in mitochondria, during which the electrons transfer
from electron donor to electron acceptor or oxygen, and energy released from electrons flowing is
used to transform adenosine diphosphate (ADP) to adenosine triphosphate (ATP). The ATP
generated during phosphorylation drives many cellular activities and processes and maintains
biochemical function. For example, ATP is involved in DNA and RNA synthesis, amino acid
activation, nerve impulse propagation, and other processes.

The percentage of oxygen is 21% or 160 mmHg in ambient atmosphere, namely, air.
During human aerobic respiration, oxygen is carried by red blood cells and is delivered throughout
the body. The oxygen level is highest in the respiratory system and decreases along venous and
arterial systems. Downstream of arteries, cells and tissues have very different intracellular and
extracellular oxygen levels that are highly regulated within physiological and pathological ranges.
For example, the oxygen partial pressure is 33.8+2.6 mmHg in brain and 40.6£5.4 mmHg in liver.
In cells, the numbers are smaller and are varied from 9.9 to 19 mmHg. Though oxygen levels are
in a dynamic range, fluctuation beyond this range could result in cellular dysfunction and organ

damage. An inadequate oxygen supply is known as hypoxia, and it is associated with pathological

disorders and many diseases including strokes, seizures, chronic wounds, and cancer.
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Based on the Stern-Volmer equation, the measurement of oxygen based on
phosphorescence quenching can be generally conducted by intensity or lifetime. Intensity-based
oxygen sensing is fairly simple. By comparing the quenched intensity to the unquenched intensity,
oxygen concentration can be detected qualitatively or quantitatively. Also, most of the imaging
systems can be readily adapted for intensity measurement. Although phosphorescence intensity is
concentration dependent, a reference fluorescent dye that is oxygen-insensitive is typically
involved as an internal standard. The ratio of fluorescence to phosphorescence is used to generate
a ratiometric image and to correlate with oxygen levels. The signal from the reference and the
sensor can be detected by a color RGB camera. As shown in Figure 1.8, a general strategy for
designing ratiometric oxygen nanosensors requires an oxygen-insensitive fluorophore and an
oxygen quenchable phosphor.>? Unlike phosphorescence intensity measurements, lifetime-based
oxygen sensing is independent of phosphor concentration or intensity of excitation light.>*>3 The
instrumentation of phosphorescence lifetime imaging microscopy (PLIM) is either a time-domain
or frequency-domain method. Lifetime measurement is often more accurate than using intensity

for the reasons that phosphorescent dyes may distribute unevenly and autofluorescence is difficult

to separate from the sensor response.?%34
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Figure 1. 8. Ratiometric O, Sensors Nanoprobes. A) Materials in Nanoparobes including
Platinum(Il) 5, 10, 15, 20-tetrakis(pentafluorophenyl)porphyrin; (PtTFPP) (Phosphor), N-(5-
carboxypentyl)-4-piperidino-1,8-naphthalimide butyl ester (fluorophore), and the matrix is a
polystyrene bead functionalized with amine groups to facilitate cell uptake. B) Schematic of the
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ratiometric nanoprobe. C) Optical oxygen sensing in normal rat kidney cells (NRK-52 E). Images
reproduced from Wang et al. Chem. Sci. 2011, 2, 901.52 Copyright Royal Society of Chemistry.
Phosphorescence oxygen sensing provides direct information in cellular level, and it has
important applications in a variety of biomedical fields (Figure 1.9). In cancer cells, solid tumors
become hypoxia as they grow beyond the diffusion distances of oxygen, as the demand for oxygen
exceeds the supply of oxygen. Hypoxia-inducible factor 1 (HIF-1) is triggered, leading to
transcription of several genes, including the vascular endothelial growth factor (VEGF), to
promote survival under hypoxic conditions. The presence of VEGF promotes angiogenesis, and
thereby renders the formation of heterogeneous regions, or microenvironments of hypoxia.
Hypoxia is directly related to cancer resistance to radiotherapy and chemotherapy, and being able
to understand hypoxia and how it relates to physiological disorders and abnormalities can provide
information for cancer treatment and diagnosis.’® Dermatologists are also interested in oxygen
sensing methods, as hypoxia often occurs during skin inflammation and the inflamed skin
consumes more oxygen than healthy tissue. The skin inflammation can cause many diseases
including acne, wounds, and chronic diabetic ulcers.’’*® Mapping skin condition by
phosphorescence imaging could provide spatiotemporal information on tissue oxygenation such
as monitoring wound healing. Moreover, in neuroscience, oxygen sensing offers new fundamental
insight into brain function. Brain consumes oxygen expensively, such as maintaining

59-61

electrochemical gradients, and releasing and recycling synaptic vesicles. A slight fluctuation

in oxygen levels in the brain might lead to severe neurological disorders. For example, hypoxia-

ischemia is a major cause of brain injury in humans including conditions such as hypoxic-ischemic

63,64 63,65,66

encephalopathy,® stroke,®-%4 seizures, periventricular leukomalacia,®” and even Alzheimer’s

disease.%%-:
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Figure 1. 9. Oxygen Sensing in Biomedical Applications. A) Partial pressure of oxygen in cerebral
vasculature was measured by phosphorescence lifetime where maximum intensity projection of
mouse cortex (left) and phosphorescence intensity of microvasculature (right) are shown. Two
phosphorescence decays from the diving arteriole (A) and the ascending venule (V), with positions
marked as arrows were analyzed by single exponential fits. Scale bar = 100 mm. Images were
reproduced from Sakadzi¢ et al., Nat. Methods 2010, 7, 755-759.3* Copyright Springer Nature. B)
In vivo imaging of a tumor-bearing nude mouse where the phosphorescence was observed in the
center of tumor. Images were reproduced from Yoshihara et al., Anal. Chem. 2015, 87, 2710-
2717.7% Copyright American Chemical Society. C) Tracking the skin inflammation using an
oxygen-sensing paint-on bandage. Top: equilibrium pO> map generated by oxygen-sensing
bandage. Bottom: regular photograph of skin. Images were reproduced from Li et al., Biomed. Opt.
Express 2017, 8 (10), 4640.”! Copyright the Optical Society.

1.3 Polymeric Materials

Polymers are molecules of high molecular weight, composing of repeated subunits. They
have a unique and broad range of properties compared with small molecules. Synthetic polymers
can be produced from monomers, and natural polymers including DNA and proteins are basic
structure in biology, both of which find numerous applications in research and industry, ranging
from food packaging to electronic devices.>%72-80

1.3.1 Polymer Characteristics
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In macromolecular chemistry, average molecular weight (M) and polydispersity (D) are
two major characteristics to evaluate polymerization and to analyze the final products. These can
be measured by the technique of gel permeation chromatography (GPC), sometimes combined
with multi-angle light scattering (MALS). Parameters including number average molecular weight
(M,), weight average molecular weight (My), and polydispersity index (D) can be determined. In
GPC, a column filled with porous beads of a polymeric gel or silica beads will admit the ions or
small molecules into their pores, allowing excluded large molecules to move more rapidly through
the column and get separated into components. The resulting mixture of large molecules will be
collected, and the elution volume of a molecule is related to its hydrodynamic volume. Molecular
weight determination relies on a calibration standard, and combining GPC with MALS will ensure
the absolute measurement of molecular weight, independent from instrument calibration. This is
due to the fact that light scattering is able to retrieve molar mass for a solute in solution. For each
measurement, the distribution of polymers will be shown in the GPC traces where each time slice
can be assigned to a molecular weight. The concentration for each slice of the chromatogram is
measured by the concentration detector, normally the refractive index or UV detector. The molar
mass for each slice in then calculated based on the intensity of the scattered light and the
concentration.

The number average molecular weight (M,) is the average of molar masses of the
individual macromolecules. It is calculated by summing all the polymers of a given molecular
weight (M) and dividing by the number (n;) of polymers (Eq. 2.1). In the weighted average
molecular weight (My), the M; values are squared, and it is dominated by the high molar mass
fraction of the polymer (Eq. 2.2). From these two measurements, the polydispersity index (D) is

defined as Mw/ Mi (Eq. 2.3). The value of polydispersity is used to evaluate the uniformity of the
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polymer sample. For a perfectly monodisperse sample, all molar mass averages have the same

value and the polydispersity will be 1.000.

XM,

M, = oy Equation 2.1
_ YnM? .

M,, = S na; Equation 2.2

b=M,/M, Equation 2.3

A controlled polymerization, which yields narrow distribution of polymers (D < 1.3), is
desired for synthesis of well-defined polymers and advanced structures including block co-
polymers.”>#1-83 For example, synthesis of certain polyesters may be achieved by living ring-
opening polymerization (ROP) of lactones, as shown in Figure 1.10A for reaction of difluroboron
dibenzoylmethane poly(lactic acid) (BF.dbmPLA). In biomedical research and clinics, polyesters
are important for medical devices and sensor development.®*8¢ The structures of polymers
explored in this research and their respective monomers are illustrated in Figure 1.10B. The
polymer PLA is frequently used as a matrix or carrier for biomaterial formulation because it is
biocompatible, biodegradable, and bioderived. Poly (v-lactic acid) (PLLA), a stereoisomer of PLA,
offers a higher degree of crystallinity, which may slow the rate of hydrolysis in aqueous solution
and is more stable. Poly (e-caprolactone) (PCL), synthesized from caprolactone, is a more
hydrophobic polyester that is even slower to degrade than PLLA, making it useful for extended
retention and slower release of loaded cargo. Blends of other polymers with PCL provide tunable
properties useful for drug delivery and tissue engineering applications. Water soluble segments,
such as poly (ethylene glycol) (PEG), are often incorporated to enhance the stability for biological

imaging and drug delivery.
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Figure 1. 10. Demonstration of Polymerization and Commonly Used Polymers. A) ROP of
BF>dbmPLA from boron dye initiator and lactide using tin catalyst Sn(Oct);. B) Chemical
structures of commonly used biopolymers and their corresponding monomers.
1.3.2  Nanomaterials

In medicine and biotechnology, polymeric nanomaterials made by self-assembly are
among the most common colloidal carriers for delivery (e.g., drug, imaging reagents).?”:88
Hydrophobic polyesters (e.g., PLA, PCL) can form nanoparticle suspensions in aqueous solutions
by spontaneous emulsification. Nanoprecipitation is a facile and well-suited way for preparing
hydrophobic polymeric nanoparticles.®”*° It is based on interfacial deposition due to displacement
of solvent with the non-solvent. As shown in Figure 1.11, a standard procedure to fabricate boron
dye polymer nanoparticles is demonstrated. The polymer (and an organic drug or dye, if desired)
is dissolved an organic solvent that is water miscible. The polymer/drug solution is added dropwise
to water with continuous stirring. Surfactants or polymer stabilizers may be added to during the

nanoparticle formation. The solvent is typically removed by evaporation, or dialysis.
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Figure 1. 11. Nanoprecipitation of polymeric nanoparticles.

In evaluating the physical properties of polymeric nanoparticles, radii and zeta potentials
are typically analyzed, both of which can be measured by dynamic light scattering (DLS). When
a beam of light passes through particles, some of the light is scattered into new directions. A careful
analysis of scattered light provides important information about the scattering particles. Dynamic
light scattering determines the translational diffusion coefficient for the particle, which is
converted to hydrodynamic radius (Rn) based on the assumption that the particle is a sphere
undergoing Brownian motion. Because of the dynamic movement of the polymeric nanoparticles,
Ri takes not only particle size but also solvent effects into account, which provides a useful method
to monitor aggregation and stability in aqueous solution. Zeta potential () can be measured by
phase analysis light scattering (PALS), where an external electric field of a particle is detected.

The macromolecular nanomaterials have significant importance as delivery vehicles for
imaging agents or drugs to cells and tissues. The delivery mechanism that involves membrane
transport is highly dependent on particle chemistry and other characteristics (e.g. size, solubility,
surface charge, molecular weight, and surface functional groups). The cell membrane separates

intracellular compartments from the extracellular environment (i.e., interstitial, intravascular, and



23

transcellular compartments), and it makes delivery of substances (e.g., imaging reagents, oxygen
sensors or drugs) into the cytosol challenging. Cells may take up substances by either passive or
active targeting. Although no ATP is necessary, passive transport is limited to materials that are
lipophilic and have desired chemical structure and surface functionalities. Active targeting
involves ion channels or binding to specific protein transporters, and this pathway requires ATP
and is often more efficient and selective. Substances can also pass through cell membranes by
diffusion or passive transport, for example, by endocytosis, the mechanism of which can vary by
cell type. The physical properties of nanomaterials also have direct effect on biodegradation and
toxicity.

In solid tumors, nanoparticles and liposomes tend to accumulate in the tumor area by the
enhanced permeability and retention (EPR) effect, as shown in Figure 1.12. When tumor cells start
to grow quickly, they stimulate the growth factors (e.g., VEGF) that leads to cancer angiogenesis.
Tumor cells are dependent on the newly formed blood vessels for nutrition and oxygen supply.
This neovasculature, however, is often morphologically poorly-organized and leaky, consisting of
abnormal endothelial cells with wide infenestrations. The capillary permeability in tumor
vasculature is greater than those in healthy tissues, leading to a higher probability of molecules
accumulating in the tumor area, especially for macromolecular drugs. Furthermore, tumor cells
usually lack of effective lymphatics that clear and filter out particles under normal conditions,

which results in increased retention.
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Figure 1. 12. Schematic Illustration of EPR Effect in Solid Tumor. Image was reproduced with
permission from Fox et al., Acc. Chem. Res. 2009, 42, 1141-1151.°° Copyright American
Chemical Society.

Although pure hydrophobic polymeric nanoparticles are usually stable in aqueous solution
for a short time, they are prone to form aggregates over a long period of time, which limits the
applications to those involving long-term imaging. For example, long-term (e.g., over days) in
vitro cell tracking can provide information on its process, cell therapy, and cellular pathogenesis.”!
Micelles from amphiphilic block copolymers can improve the aqueous stability due to a corona
structure that is highly water soluble while still maintaining a hydrophobic core (Figure 1.11). For
this purpose, hydrophilic polymers such as polyethylene glycol (PEG) are often incorporated to
form block copolymers with improved aqueous solubility.”>> The hydrophilicity of PEG also
prevents cellular uptake (e.g., phagocytic cells in the immune system), known as stealth properties,

compared with non-PEGylated hydrophobic PLA nanoparticles, the latter of which can be quickly
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recognized and cleared as foreign bodies by immune system. Consequently, PEGylated
nanoparticles may circulate in the blood stream for a prolonged time. This is beneficial for drugs
to be delivered to a target site without unwanted macrophage uptake, and also for improved tumor
accumulation by EPR (Figure 1.13).”® Moreover, the hydroxy terminus of PEG can be easily
functionalized with a variety of groups, including alkoxy, amide (e.g., NHS, maleimide), and azide
moieties, all of which allow further modification with biomolecules such as peptides and

antibodies.
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Figure 1. 13. PEGylated Stereocomplexed Nanoparticles in Passive Tumor Targeting. A) The
chemical structure of boron dye polymers. B) Epifluorescence images of nanoparticles
accumulation in a flank tumor 24 h after IV injection. A negative control mouse with saline
injection is shown on the left. C) Radiant efficiency of harvested organs where the nanoparticles
have good accumulation in the tumor. The presence of nanoparticles in the liver indicates
metabolism in that organ. No significant accumulation was detected in other organs. Images were
reproduced from Kerr et al., American Chemical Society.

The design of nanomaterials as drug delivery carriers for biological systems, intracellular

or extracellular, to healthy cells or tumor cells, passively or actively, requires a thorough
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understanding of physiological properties of biological models, and interactions between these
models and materials. Taking advantage of the unique properties of individual biological systems
would ensure the efficiency and specificity of delivery in various applications.
1.4 Luminescent Difluoroboron B-Diketone Polylactic Acid Materials
1.4.1 Dual-Emissive Properties

Many difluroboron [-diketones (BF:bdks) compounds have excellent luminescence
properties including large extinction coefficients, high quantum yields, and two-photon
absorption.””? Their emission is easily tunable by chemical structure to span across the visible
range, making them useful as bioimaging reagents.!?*-1%> The exploration of boron dye-polymers
in the Fraser lab started with the discovery of dual-emissive BF2dbmPLA.!* When the boron dye
BF2dbm is confined in a rigid PLA matrix, the fluorescence is retained and room temperature
phosphorescence (RTP) is observed in the solid state (Figure 1.14). The long-lived, oxygen-
sensitive phosphorescence is rare in organic compounds. In a rigid matrix where the molecular
rotation and vibration are restricted, the non-radiative decay is slowed down and the rate of
intersystem crossing is increased, consequently the phosphorescence can be greatly enhanced. To
our knowledge, this was the first report of RTP in the BFobdk family of dyes. As the fluorescence,
the phosphorescence, and the matrix are arise from a single component dye-polymer material, this
feature offers an excellent opportunity for boron dye polymers to serve as ratiometric oxygen
sensors, where the oxygen-insensitive fluorescence is the internal standard for self-calibration, and

the oxygen quenching phosphorescence is the sensor to respond on local oxygen level changes.
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Figure 1. 14. Dual emissive BF2dbmPLA with blue fluorescence and green long-lived room
temperature phosphorescence.!%

The preparation of boron dye-polymers can be achieved in a number of steps. In general,
the boron dye is synthesized from the -diketone ligand, which is formed via condensation of an
ester and a ketone. This means that the boron dye can be easily substituted with different aromatic
groups with different substitutions (e.g., halides, donating and withdrawing groups; positions) to
tune properties (e.g., emission, lifetime) for multiple applications (Figure 1.15).!% To synthesize
polymers, the boron dye is functionalized with a primary alcohol to act as the initiator for the
reaction with lactide by ROP. The polymerization is also able to accommodate a unique
combination of boron dyes and polyesters (e.g., block copolymers), to form a large library of
materials of interest. The dual-emissive properties and easy modification of BFodbmPLA laid a

foundation for the continued and exciting research during the past years.
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Figure 1. 15. Structure and design of difluoroboron p-diketonate materials.

1.4.2  Polymer and Heavy Atom Effects

As mentioned above, fluorescence and room temperature phosphorescence of boron dye
polymers are both observed in the solid state. These properties are well maintained when dye
polymers are assembled into nanoparticles, thin films, and nanofibers.!% With the presence of
biocompatible and biodegradable PLA, the fabrication is feasible without the need for adding
another matrix. Most importantly, this opens a window for biological applications because the
nanomaterial can be suspended in aqueous solution, the necessary environment for biological
samples, and the size of nanomaterial (diameter = 20 - 250 nm) is beneficial for cellular uptake
and renal clearance.

In the previous studies, it was demonstrated that polymer properties (i.e., molecular weight
and composition) can affect the optical properties on the boron dyes.!?:197-19 The fluorescence
emission is sensitive to local concentration of dyes, known as the dye loading effect. As molecular
weight decreases, dye-dye interaction increases, which could stabilize the excited state by lowering

the energy level. The energy gap between the excited state and ground state is decreased, red-
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shifting the emission. For BFodbmPLA around 10 kDa, the emission is blue (Figure 1.16A).
Varying the polymer MW also affects phosphorescence intensity and the fluorescence to
phosphorescence intensity ratio. Higher MW polymers expand the singlet-triplet energy gap, and
decrease the rate of intersystem crossing, leading to longer phosphorescence lifetimes and
decreased phosphorescence intensity. Taking into account the polymer MW effect on both
fluorescence maxima and phosphorescence intensity, it was concluded that longer polymers
resulting in weaker phosphorescence and but improved fluorescence and phosphorescence peak

resolution.

Decreasing MW (20 — 3 kDa) 300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 1. 16. Polymer Molecular Weight Effect. A) Fluorescence emission color green shifted by
decreasing MW of BF2dbmPLA. Image adapted with permission from Zhang et al., Adv. Mater.
2008, 20, 2099-2104.'! Copyright John Wiley & Sons, Inc. B) Phosphorescence intensity and
fluorescence to phosphorescence gap were compared between a shorter (7 kDa) polymer and a
longer (20 kDa) polymer of BF2dbm(I)PLA. Image adapted with permission from DeRosa et al.,
ACS Appl. Mater. Interfaces 2015, 7, 23633-23643.!1% Copyright American Chemical Society.

Although singlet and triplet emissions are clearly distinguished by wavelength and lifetime,
a stronger phosphorescence intensity is desired for practical oxygen sensing. Heavy atom can be
introduced to enhance spin-orbit coupling and increase the rate of intersystem crossing via the

heavy atom effect. This was demonstrated by studying optical properties and oxygen sensitivity of

a series of halide substituted boron dyes BFonbm(X)PLA (X = H, Br, I) (Figure 1.17). Heavier
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halides resulted in increased phosphorescence intensities and shorter phosphorescence lifetimes.
Lifetime is directly related to oxygen sensitivity, as shown in Equation 1.1 and 1.2. Materials with
the longest unquenched lifetimes and fastest diffusion of oxygen through the matrix are the most
sensitive. For different biological applications, the sensitivity must be well-matched to the

expected oxygen levels for imaging and sensing.
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Figure 1. 17. Heavy Atom Effect. A) Chemical structures of BFanbm(X)PLA. B) Images showing
phosphorescence emission under a N> gas stream for polymer films. C). Total emission spectra
under air and nitrogen. Images were reproduced from DeRosa et al., ACS Sensors, 2016. 1, 1366-
1373.11! Copyright American Chemical Society.

1.4.3  Oxygen Sensing
The two most common methods for phosphorescence-based oxygen sensing rely on

lifetime measurement and ratiometric imaging. Dyes substituted with heavier halides and shorter



31

polymers are suitable for ratiometric sensing, and the long phosphorescence lifetimes associated
with the lighter halide substituted dye-polymers are promising candidates for lifetime sensing. In
2009, the boron dye oxygen sensor BF2dbm(I)PLA, developed by Guoqing Zhang, was applied to
ratiometric tumor hypoxia imaging (Figure 1.18). A tissue oxygen map was generated using the
F/P ratio, and showed excellent contrast between vasculature (indicated as red) and tumor tissue
(indicated as blue). By extending © conjugation from benzene to naphthalene, Christopher DeRosa
designed a full range oxygen sensor with 0-100% oxygen sensitivity, wherein the blue
fluorescence and yellow phosphorescence are well separated. This oxygen sensor has

demonstrated utility in wound oxygenation imaging and healing combined with an RGB color

camera.
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Figure 1. 18. Dual-Emissive BF2dbm(I)PLA for Tumor Hypoxia. A) Chemical structure. B)
Images under UV light of nanoparticles at varying oxygen concentration. C) Total emission spectra
of nanoparticles at various oxygen concentrations. D-E) /n vivo imaging of the breast cancer 4T1
mammary carcinoma tumor region in a mouse window chamber model in carbogen (D; 95% O>),
room air (E; 21% Oz) and nitrogen (F; 0% O). Emission intensity was averaged from 430 to 480
nm (fluorescence) and 530 to 600 nm (phosphorescence) then plotted ratios are shown. Images
were adapted with permission from Zhang et al., Nat. Mater. 2009, 8, 747-751.112
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Figure 1. 19. Full Range Oxygen Sensor for Wound Imaging. A) Chemical structure of
BFonbm(I)PLA. B) Images of nanoparticles under UV excitation at oxygen, air, and nitrogen. C)
Total emission spectra of nanoparticles at various oxygen concentrations. D) Wound oxygenation
and healing time course. Top: brightfield of wound beds. Bottom: ratiometric images generated
via nanoparticles. Images were reproduced from DeRosa et al., ACS Sensors, 2016. 1, 1366-
1373.111 Copyright American Chemical Society.

Over the past years, the Fraser lab has developed methods to systematically tune the
phosphorescence lifetime and to modulate the oxygen sensing range. Properties of four iodide-
substituted boron dye polymers were listed in Table 1.2. Their distinct features enabled multiple
biological applications in wound hypoxia imaging, cellular imaging, nanoparticle biodistribution,

and radiation therapy efficacy.

Table 1. 2. Optical Properties of BF2bdkPLA Nanoparticles.
xabs AF Ap Tp

Sample (nm) (nm) (mm) (ms) FtoP O2Range (%) Refs
BF.dbm(I)PLA 407 437 525 4.5 F=P 0-21 12
BFonbm(I)PLA 417 460 562 1.9 F<<P 0-100 i

BF,dnm(I)PLA 433 503 575 60 F<P 0-5 13
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BF,;tbm(I)PLA 433 449 581 2.1 F=P  0-21 14

1.4.4 Goal of this Research

The previous work in Fraser lab established a library of boron dyes and dye polymers,
thoroughly studied their optical properties, and demonstrated fascinating advancements in
biological applications. From here, the goal of this research is to further develop these dye-
polymers as versatile reagents for imaging and sensing in biomedicine, in order to be adapted in
translational clinical fields and to compete commercially in the market. Because each biological
context is unique, interactions between biological samples and the dye polymer materials are
unknown. Successful application requires understanding of material behaviors in relevant
biological environments and adapting materials for specific, unique purposes. It also relies on the
optimization of materials, instrumentation and software, and biological models altogether, for each
given imaging or sensing goal.

Appropriate surface modification by polymer chemistry allows the conjugation of
nanoparticles to a wide range of biomolecules, enabling their delivery and preferential
accumulation at the site of action. This can be achieved by active targeting. Adapting materials for
commonly used instrumentation makes them more convenient, broadly applicable, and cost
effective. In particular, this research involved tailoring the emissions of boron nanoparticles to be
well aligned with RGB camera channels. Extending the application of boron nanoprobes to
immunology and neuroscience are other important goals of this research. All of these studies help
to advance understanding of boron dye materials and promote their use as versatile imaging tools
in research and clinical fields.
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2.1 Introduction

Well-controlled labelling of immune cells is of particular interest, as these highly motile
cells are frequently tracked in vitro and in vivo, or labelled for flow cytometric analysis. Many
fluorescent dyes provide intracellular labelling by binding in the cytoplasm or to DNA, but
labelling reagents continue to be an area of active research, particularly to take advantage of the
further ends of the UV-visible spectrum.! Cytoplasmic labelling reagents are preferred for live cell
imaging over time, as DNA-binding dyes can interrupt transcription and cell replication. !-2

Common cytoplasmic dyes align well with standard green (Ex 470/40, Em 525/50) and red
(Ex 550725, Em 605/70) filter sets for widefield microscopy, including carboxyfluorescein
succinimidyl ester (CSFE), calcein-AM, tetramethylrhodamine isothiocyanate (TRITC), and
similar newer commercial fluorophores. However, the UV-excitable blue filter (Ex 365/50, Em
445/50) set is often underutilized for cell tracking. Many traditional blue fluorophores, such as
DAPI and Hoechst, bind directly to DNA, while others suffer from low intensities, such as
derivatives of pyrene or coumarin.> Dim fluorescence signal under the classic UV-excited blue
filter makes it difficult to distinguish labelled cells from tissue autofluorescence. Newer, brighter
blue and violet fluorophores are available, but are primarily designed for multiplexed flow
cytometry and laser-based microscopy, with a maximum excitation at either 405 or 395 nm and
narrow excitation peaks. This makes translating the same dyes from one excitation source to
another difficult; concentration, time of labelling, and detector sensitivity must be optimized for
each read-out. A bright blue reagent that can be used across multiple platforms such as flow
cytometry, confocal microscopy, and widefield fluorescent microscopy would enable a single

optimized labelling procedure to be used with flexible choice of read-out.
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One of the brightest of boron dyes developed in Fraser Lab, methoxy substituted
difluoroboron dibenzoymethane (BF2.dbmOMe), emits intense blue fluorescence with a quantum
yield approaching unity (®r = 0.99)*. This is significantly larger than most commercially available
blue fluorophores (e.g., DAPIL: ®r = 0.58; pyrene: @r = 0.75; 7-hydroxy-4-methylcoumarin: O =
0.63). Therefore, we sought to harness this bright blue dye emission for in vitro and ex vivo imaging.
In this collaborative work with the Pompano lab, we optimized this blue dyes for cytoplasmic
labelling reagents in immune cells by conjugating the dyes with polymers.® Fabricating dye-
polymer conjugates into nanoparticles offers the opportunity to tune uptake by immune cells.
Lymphocytes (T cells and B cells), dendritic cells, and macrophages each have been targeted for
delivery of drugs or probes using nanoparticles.” Particles similar in size to viruses (20 — 200 nm)
are readily internalized via endocytosis, particularly by phagocytic cells such as B cells or
professional antigen presentation cells such as dendritic cells after adsorption of serum proteins.'°
Dyes were engineered with PLA, PCL, block co-polymers of PLA-PCL, and PEGylation. The
purpose of choosing different polymers is first, altering the hydrophobicity of the nanoparticle can
significantly affect internalization.!® Second, the hydrophobicity and degree of crystallinity are
associated with nanoparticle stability in aqueous environments.'2

The utility of labelling and tracking primary immune cells (murine splenocytes) with boron
dye-based nanoparticles containing different polymer chains was tested. After confirming the
stability of the dyes and nanoparticles in solution, internalization and suitability for cellular
staining as a function of polymer chemistry were assessed. The fluorescence intensity of cells
labelled with these reagents was detectable by fluorescent microscopy under standard blue
fluorescence filter sets and was compared to a commercial reagent, and finally was utilized in four-

color fluorescent labelling and cell tracking in live tissue.
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Figure 2. 1. Nanoparticle Design and Compositions. (a) Chemical structures of boron-based dye-
polymer conjugates. (b) Chemical structures of each polymer tested. (¢c) Schematic of polymeric
nanoparticles, which adopt a micellar structure with the boron-based dye in the core and the
polymer in the outer shell.
2.2 Results and Discussion
2.2.1 Synthesis

In order to generate polymeric nanoparticles with different surface chemistries, we
synthesized an array of polymers based on the blue-emitting boron-based dye BF>dbm (1-5 in
Table 2.1, Figure 2.1a, and Scheme S2.1). We have previously shown that for BFodbmPLA, a
molecular weight of ~10 kDa for the PLA corresponded to blue fluorescence,' so polymers in this
size regime were targeted. The dye was prepared as either a primary alcohol
(BF2dbmOCH>CH>OH)'* or a phenol (BF2dbmOH)!®, to act as an initiator or a coupler
respectively (Figure S2.1). The initiator BF2dbmOCH>CH>OH was used to grow BF2dbmPLA (1),
BF2dbmPLLA (2), and BF2dbmPCL (3) by a solvent-free, tin-catalyzed ring-opening

polymerization.31 The BF2dbmPCL product was further used as a macroinitiator for the ring-

opening polymerization of lactide to prepare a block copolymer, BF2dbmPCL-PLLA (4).'® Finally,
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to generate the PEGylated material (5), BF2dbmOH was coupled to PEG-PLLA via a Mitsunobu
reaction.!” The polymer molecular weights and polydispersities were determined by GPC and 'H
NMR spectroscopy (Table 3.1). The polydispersities were relatively low (P < 1.3) for all five
samples, indicating the polymer chains were relatively uniform in chain length.

Table 2. 1. Polymer Synthesis Data

Polymer # Loading’ M,’ M.’ M;* b’
(GPC) (GPC) (NMR)

BF>dbmPLA 1 1/100 12300 13000 15200 1.06
BF>dbmPLLA 2 1/100 12200 14800 13200 1.24
BF>dbmPCL 3 1/130 6900 7300 10400 1.06

BF>dbmPCL-PLLA 4 1/100 7700 9000 14100 1.17

BF,dbmPLLA-PEG 5 1/130 10500 11000 14400 1.05
“Initiator to lactide loading in the ring opening polymerization. For 1-3, BF2dbmOCH>CH>OH was
used as the initiator. For BFo.dbmPCL-PLLA (4), BF2dbmPCL (3) was used as the initiator. For 5,
PEG-OH (2 kDa) was used as the initiator and the dye (BF.dbmOH) was added post
polymerization. See Schemes S3.1 and S3.2 for reference. *Average molecular weight (M,, Da)
and weighted molecular weight (M, Da) of dye-polymer conjugates determined by gel permeation
chromatography (GPC) in THF. B = polydispersity index (Mw/M:). “‘Molecular weight determined
by 'H NMR (PLA-H or PCL-CH, vs 4-Ar-H of the dye).

2.2.2 Nanoparticles

Boron nanoparticles were fabricated by nanoprecipitation. The polymer was dissolved in a
water miscible solvent (DMF), which was added dropwise to DI water. Dialysis against water
removed the organic solvent to yield the nanoparticles. Nanoparticle sizes (hydrodynamic radius;
Ry) ranged from 37-61 nm (Table 3.2), in the range suitable for cellular uptake.!®!® All of the
nanoparticles have narrow size distributions with low polydispersity values (0.1 ~ 0.3) and
negative zeta potentials.?? As expected, all five fluorescence spectra were similar with only subtle
differences in spectral features, with excitation in the UV range (366-397 nm) and blue emission
(438-447 nm) (Figure 2.2, Table 2.2). For convenience, here and throughout this paper we refer to
the nanoparticles formed from the dye-polymer conjugates simply by the name of the polymer.

The second, low energy feature observed in the total emission spectra for PCL and PCL-PLLA is
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commonly observed for PCL-containing samples. This may be due to non-linear, long-range, dye-
dye interactions, related to molar mass and matrix effects on the BF.dbm-fluorophore, as
previously described.!® These spectra make the dyes well suited for use on traditional DAPI filter

sets, as well as for excitation via a UV or 405 nm laser by flow cytometry or confocal microscopy.
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Figure 2. 2. Optical Properties of Boron Dye Nanoparticles. a) Images of freshly prepared
nanoparticles suspended in water under UV illumination (Aex = 369 nm). b) Total excitation (solid
lines) and emission spectra (dashed lines) of nanoparticle suspensions (Aex = 369 nm). Popular
excitation sources including a DAPI filter set, 395 nm LED, and 405 nm laser all demonstrate good
overlap with the spectra of the nanoparticles.

Table 2. 2. Nanoparticle Characterization Data

Nanoparticles Radius® PD* (¢° Amax’ &° A A
(nm) mV) (m) M'em') (nm) (nm)
PLA 61 0.13 -28.0% 398 32100 381 439
PLLA 31 0.13 -23.6 382 25600 396 437
PCL 56 026 -22.6 400 25200 397 440
PCL-PLLA 51 0.12 -36.9 399 21100 381 438
PLLA-PEG 37 023 -16.0" 396 29800 366 439

“Determined by dynamic light scattering, for nanoparticles at 200 pg/mL in water. Polydispersity
(PD) is the standard deviation of the distribution. PD = (peak width/peak height)*2.°Zeta potentials
measured by Zetasizer. “Absorption maximum, Amax, and corresponding extinction coefficient at
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Amax, €1, for aqueous nanoparticle suspension (~ 50 ug/mL). “Fluorescence excitation and emission
maximum for aqueous nanoparticle suspension.

2.2.3  Stability of Nanoparticles

We assessed the physical and optical stability of the nanoparticles in aqueous environments
suitable for bioimaging, at the physiological temperature of 37 °C (Figure 2.3, Figures S2.2-S2.6).
PLA nanoparticles show good shelf life with respect to molecular weight, size, absorption, and
emission for months when stored at 4 °C in water.?’ At elevated temperature, all nanoparticles
showed constant size in DI water over one week (Figure 2.3a). In PBS, however, nanoparticles
containing PLA or PLLA polymers aggregated immediately, and the block copolymer PCL-PLLA
aggregated after two days of incubation (Figure 2.3b). As an alternative to saline, we tested a
solution of 5 % glucose in water, intended to match the osmotic pressure of the cells; 2 % serum
was added to improve cell handling (water/glucose/serum solution). Compared with PBS, this
solution greatly increased the stability of nanoparticles: PLA and PCL were stable for two days,
and the other three particles maintained their sizes for over one week (Figure 2.3c). Surprisingly,
complete cell culture media, RPMI supplemented with 10% serum and nutrients (see Methods),
better maintained nanoparticle sizes despite its high ionic strength, perhaps because of spontaneous
protein coating that protected the nanoparticles against aggregation (Figure 2.3d). The minor
fluctuation in radii observed in complete media, known as swelling and deswelling, could be
caused by a concentration gradient of ions (e.g., Na*, CI', amino acids) between the nanoparticle
matrix and the surroundings, leading to ion diffusion and osmosis.?!?> Regardless, nanoparticle

radii were maintained consistently.
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Figure 2. 3. Nanoparticle (200 pg/mL) stability at 37 °C in various media. Nanoparticle size was
monitored by DLS (left), and emission monitored by fluorimeter (right). For samples with
extensive aggregation, particle size exceeds the DLS detection limit of 2000 nm and associated

precipitation leads to a weak fluorescence signal that cannot be accurately detected, thus, data are
not shown.

Despite their relative stability in terms of size, the fluorescence intensity of all particle
types decreased significantly over time in all solvents at 37 °C, and the rate of decay was sensitive
to the choice of solvent (Figure 2.3). Compared to other particles, PLA and PLLA particles retained
the most fluorescence intensity over time, and compared to other buffers, they were the most stable
in glucose/serum solution and in complete RMPI culture media. In terms of “color,” the peak
emission wavelength was stable for PLA and PLLA particles (Figures S2.2-S2.3), and was blue-

shifted by no more than 15 nm for PCL and PCL-PLLA nanoparticles (Figures S2.4-S2.5).

We hypothesized that the observed decay in fluorescence intensity was due to either
hydrolysis of the polyester or degradation of the boron dye. Therefore, we tested polymer and

fluorophore stability of the PLA and PCL nanoparticles after storage in water for 5 days at 37 °C.
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GPC elution peaks for PLA and PCL nanoparticles were nearly identical before and after
incubation (Figure S2.7), and polydispersity index remained low (1.10), indicating little fluctuation
in polymer molecular weight and therefore no evidence of polymer hydrolysis. Based on 'H NMR
spectra, the fluorophore in the PLA particle remained unchanged. In the PCL sample, resonances
appeared at 6.76 ppm and 16.94 ppm after incubation, which are characteristic of the
ArC(O)CH=C(OH)Ar proton and associated enol proton ArC(O)CH=C(OH) in boron-free
dbmPCL, respectively. These results indicate chemical and optical stability for BF2dbmPLA, but
hydrolysis of BF2 from the dbm binding site of PCL. In the latter case, dye hydrolysis and the
resulting reduction in dye concentration is expected to result in a blue-shifted emission, consistent
with our experimental results for the PCL nanoparticle.!>? In summary, the physical and optical
data suggested that nanoparticle stability in solution varies with the polymer chain and surrounding
media. While it is not clear to what extent these results will predict the stability once internalized
by a cell, we note that for short-term (hours) cellular imaging, boron nanoparticles have been
widely and successfully used in many contexts. Longer-term stability in solution may be possible
with additional polymer engineering.
2.2.4 Nanoparticle Labelling of Primary Immune Cells

With a good understanding of the particle chemistry and stability in solution, we next
quantified the uptake of the nanoparticles by live cells. Biological testing was conducted by Maura
Belanger in the Pompano Lab. We excluded the racemic PLA particles from these studies, as they
offered surface chemistry similar to PLLA but were less physically stable in solution. Primary
murine splenocytes were incubated with each remaining type of nanoparticle, washed, and
analyzed by flow cytometry (405 nm laser) immediately (day 0) or after 24 hours of culture (day

1). For comparison, cells were labelled with Cell Tracker Blue (CTB), a commercially available,
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coumarin-derived, small molecule reagent that diffuses passively into the cell and binds covalently
with thiol groups in the cytoplasm. Mixed splenocytes incubated with CTB were labelled with
high efficiency, while a lower percentage of cells incubated with nanoparticles were labelled,
indicating a more selective labelling mechanism (Figure 2.4a). PCL and PCL-PLLA nanoparticles
each labelled ~ 50% of the mixed splenocyte culture, while PLLA nanoparticles labelled only 25%
on average. Cellular phenotyping showed that the nanoparticles labelled CD11c-positive and
B220-positive cells more efficiently than CD3-positive T cells (Figure 2.4b, Figure S2.8). This
result suggests that the nanoparticles may label the cells through an active uptake mechanism, as
both B cells and CD11c+ cells can act as antigen presenting cells and are more endocytic than T
cells.?* Indeed, the increased uptake of the hydrophobic PCL-containing particles compared to
PLLA particles is consistent with improved internalization of more hydrophobic polymers.?®
PEGylated nanoparticles (PLLA-PEG) labelled very few cells, consistent with PEG preventing
binding and cellular internalization of nanoparticles.?® Future work will explore the active uptake
mechanism as a possible point of control; enabling the targeting of nanoparticles to different

cellular subsets.
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Figure 2. 4. Choosing a polymer formula for labelling primary immune cells. (a) Mixed primary
splenocytes were labelled with Cell Tracker Blue (CTB), boron-based polymer nanoparticles, or
no label. Uptake was measured immediately by flow cytometry. One-way ANOVA with
comparisons of each group to CTB control. (b) Uptake of PCL-PLLA by cell type as determined
by flow cytometry. More phagocytic cell types were more readily labelled by nanoparticles. (c,d)
Stability of cellular labelling in mixed splenocytes after overnight culture as measured by flow
cytometry both in terms of fraction of cells labelled (c) and intensity (d). (e,f) Viability of labelled
and unlabeled cells in mixed splenocytes (e) and isolated B cells (f) as determined by flow
cytometry after overnight culture. Viability is defined as 7-AAD negative. Two-way ANOVA
with multiple comparisons. Each dot indicates one biological replicate. **** p<0.0001,
*p=0.0148, ns denotes p > 0.05



58

Next, we tested the stability of cellular labelling. The fluorescence excitation and emission
spectra immediately after cellular uptake (i.e. after 30 min incubation) were comparable to
nanoparticles in solution (Figure S2.9). Labelled cells were also monitored after 24 hours. Cell
Tracker Blue, like other cytoplasmic dyes, often suffers from a significant decrease in fluorescence
intensity after the first 24 hours as unbound dye diffuses out of the cell. Indeed, we observed that
the average CTB intensity per cell dropped by two-fold overnight, while there was no decrease in
the percentage of CTB-labelled cells (Figure 2.4c¢/d). Interestingly the nanoparticle labelled cells
showed an opposite effect. The percentage of cells that were labelled with nanoparticles decreased
to 75%, on average, of its initial value after overnight culture, while the mean intensity per labelled
cell did not drop significantly. These data suggest that the nanoparticles may be exported by a
fraction of the cells. The relative stability of nanoparticle intensity per cell during this time frame
compared to CTB labelled populations may be a point of control when transitioning this
technology for long-term tracking.

Finally, we addressed whether labelling with nanoparticles affected cellular viability.
Average viability in mixed splenocytes was unchanged by labelling with nanoparticles or CTB,
except for a 20% reduction in viability of PLLA-labelled splenocytes after 24 hours of culture
(Figure 2.4e). Thus, the nanoparticle-labelling process is compatible with maintaining high
viability in primary splenocyte cultures. Based on these data, we selected the PCL-PLLA co-block
polymer nanoparticles for further testing, based on its stability in solution, high initial labelling
efficiency of the cell types of interest, and cytocompatibility.

2.2.5 Nanoparticle Labelling Does Not Affect Immune Cell Function
Having demonstrated that splenocyte viability was not affected by nanoparticle labelling,

it was essential to determine whether labelling affected relevant cellular functions. Given their



59

prominent role in adaptive immunity, high frequency in the splenocyte culture, and high rate of
staining, we focused on the effect of labelling on B cells in particular. B cells act as “antibody
factories,” and upon stimulation proliferate to begin the process of producing the most effective
antibody against the pathogen, generating a strong adaptive response. We have shown that
labelling with nanoparticles did not affect the viability of B cells in a mixed splenocyte culture
(Figure 2.4f) and so to test the response to stimulation, we used the small molecule R848, which
acts through Toll-like receptor 7 (TLR7) and results in proliferation, antibody production, and up-
regulation of surface activation markers such as CD40 and CD80.66 In preliminary tests, R848
elicited a stronger response in unlabeled B cells than other common stimuli at matched doses

(Figure S2.10).
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Figure 2. 5. Labelling of primary splenocyte B cells did not affect response to activation. (a)
Representative histograms of CFSE intensity as measured by flow cytometry. Proliferation was
measured as the percentage of cells with reduced CFSE intensity compared to unstimulated cells.
(b) Quantification of proliferated cells. Stimulation with R848 resulted in increased proliferation
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in all labelling schemes. (c) Percentage of live CD40 high cells. (d) Percentage of live CD80 high
cells. Stimulation with R848 resulted in higher activation marker percentages in both cases. Two-
way ANOVA with multiple comparisons. **** p<0.0001, *** p=0.0003, ns denotes p>0.05.

Purified B cell populations were labelled with either CTB or the PCL-PLLA nanoparticle
and stimulated with R848. Proliferation was tracked by CFSE staining, the brightness of which is
reduced with each cycle of cellular proliferation. In the absence of R848 stimulation, nanoparticle
labelling did not induce B cell proliferation (Figure 2.5a-b) or activation marker expression (Figure
2.5¢c-d, Figure S2.11), indicating that the particles did not activate the cells on their own. After
48-hr R848 treatment, neither the Cell Tracker Blue nor the nanoparticles suppressed the
proliferation and upregulation of activation markers on purified B cells (Figure 2.5). B cells
labelled with PCL-PLLA nanoparticles did proliferate at a higher frequency than the unlabeled
cells, but did not exhibit an increase in activation marker expression, indicating that any synergy
of the nanoparticle loading with R848 stimulation was modest. In separate experiments, the ability
of CD3+ T cells to respond to a non-antigen-specific stimulation was also uncompromised by
nanoparticle labelling (Figure S2.12). Overall these data show that the labelling of primary
splenocytes with PCL-PLLA nanoparticles does not compromise immune function.
2.2.6 Nanoparticle Labelling is Intracellular and Bright

For cell tracking applications, labelling with the nanoparticles must be intracellular, as any
extracellular particles or aggregates could easily be washed away during handling. Therefore, we
determined the distribution of PCL-PLLA nanoparticles in or on labelled splenocytes via confocal
microscopy (400 nm laser excitation). Cell membranes were marked with anti-CD45, a surface-
bound pan-lymphocyte marker, to visually determine whether each cell was unlabeled, labelled in
the cytoplasm, labelled extracellularly (outer surface of membrane), or labelled on the membrane

itself (Figure 2.6a/b). This method of data collection leaves some ambiguity as to whether the
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“membrane”-associated nanoparticles are in contact with the inner or outer leaflet of the cell
membrane or penetrate entirely. As expected for a cytoplasmic dye, all CTB signal was detected
within the bounds of the cell membrane. Nanoparticle labelling was either cytoplasmic or
associated with the membrane, and none of the latter cells had signal from the nanoparticles
protruding out into the surrounding media. Thus, the majority of the signal from the PCL-PLLA
nanoparticles is cytoplasmic and is useful for potentially tracking cells. We noted in this
experiment that the CTB-labelled cells appeared dimmer than the nanoparticle labelled cells. This
difference in brightness is consistent with the poor overlap between CTB and the 400 nm excitation
source (Figure S2.13), though it does contrast with results seen earlier by flow cytometry, likely
due to the difference in sensitivity between detectors on the two instruments.

The original goal was to develop a very bright blue labelling system for fluorescence
microscopy, as many blue dyes suffer from low quantum yields. Thus, we measured the
fluorescence intensity of labelled cells when imaged by widefield microscopy under standard UV
excitation (360/60 nm filter). The intensity of cells labelled with PCL-PLLA nanoparticles was
1.43-fold brighter than cells labelled with CTB. In fact, CTB-labelled cells were not significantly
brighter than unlabeled cells under these imaging conditions (Figure 2.6¢). In this experiment, we
did note large aggregates of nanoparticles (arrow head in Figure 2.6d) outside of the cells, which
were difficult to remove. We speculate that this aggregation arose from the experimental procedure,
in which cells were resuspended in 1x PBS for dual-labelling with Cell Trace Far Red after
labelling with the blue reagent; 1x PBS causes free nanoparticles to aggregate quickly. Further
experimentation is needed to determine the best approach to minimize extracellular aggregate

formation during cellular manipulation, for example by keeping cells in protein-rich media.
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Figure 2. 6. Imaging PCL-PLLA labelled splenocytes. (a) Quantification of staining location as
determined by confocal microscopy (400 nm excitation). (b) Representative images of labelling
location. Cells were co-labelled with AF488 anti-CD45 antibody (green) to determine membrane
location. Brightness and contrast differs between images to account for different excitation
efficiencies. Scale bar is 10 pm. (c¢) Quantification of intensity using widefield microscopy (360
nm excitation) of labelled and unlabeled cells. PCL-PLLA labelled cells were on average 1.43
times brighter than CTB labelled cells. Each dot represents one sample averaged over 200+ cells.
Ordinary one-way ANOVA with multiple comparisons. ** p=0.0029, *** p=0.0001, n.s. denotes
p>0.05 (d) Representative images of cells labelled with CTB and PCL-PLLA nanoparticles with
identical brightness and contrast settings. Cells were co-labelled with Cell Trace Far Red to locate
cells efficiently (purple outlines). Large aggregates of PCL-PLLA particles were detected in this
labelling scheme (arrowhead). Scale bar is 10 um.

2.2.7 Nanoparticle Labelled Cells are Brightly Visible Against Tissue Autofluorescence
When working with typical blue fluorophores, their low fluorescence intensity is especially

challenging to detect against tissue, a complex matrix that exhibits high background

autofluorescence We hypothesized that the bright-blue fluorescent nanoparticles would not suffer
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from this limitation. We tested the ability to detect nanoparticle-labelled cells embedded in living
tissue with widefield microscopy, by labelling purified B cells and overlaying them onto live slices
of murine lymph node as a model system.?” As in the in vitro imaging above, the PCL-PLLA
nanoparticle labelled cells were significantly brighter than both unlabeled and CTB labelled cells
(Figure 2.7a) and easily detectable against the autofluorescence of the tissue.

The nanoparticles allowed us to capture bright signal within the blue channel of the
widefield fluorescence microscope (360/60 nm excitation), freeing the remaining three channels
for additional fluorophores to monitor multiple cell populations and tissue structures. As a proof-
of-principle, we labelled purified B cells with the PCL-PLLA nanoparticles, labelled purified T
cells with a rhodamine-based cytoplasmic dye (NHS-rhodamine), and overlaid these cells on a
slice of lymph node tissue that was live immunostained for B220 (B cell zones) and Lyve-1
(Ilymphatic vessels) (Figure 2.7b-d). With this multi-color staining approach, we could visualize
individual B cell follicles and the mixture of B cells (green) and T cells (blue) on the tissue. The
fluorescent puncta from nanoparticle-labelled cells were smaller than the diameter of the
cytoplasmic-labelled cells, since the particles do not fill the entire cytoplasm. Interestingly we also
observed a collection of small signals in the nanoparticle channel that aligned with the lymphatic
staining (Figure 2.7d, dashed oval). We speculate that this signal comes from free nanoparticles or
aggregates coming into contact with the endocytic cells that line the lymphatic vessels in the lymph
node.?® This limitation should be taken into consideration when translating this technology in the
future; it could also be taken advantage of to label endocytic cells in live tissue slices. Overall, we
are able to easily visualize all four fluorophores simultaneously by widefield microscopy, using a

set of four standard fluorescence filter sets.
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Figure 2. 7. Imaging PCL-PLLA labelled cells in tissue. (a) Quantification of labelled cells against
tissue background. Nanoparticle labelled cells were significantly brighter after background
subtraction compared to both CTB and unlabeled cells. Dotted line represents the average intensity
of tissue autofluorescence in the DAPI filter. Two-way ANOVA with multiple comparisons. ****
p<0.0001, ns p>0.05. (b) Image of representative stained tissue slice (3x mag). The live tissue was
immunostained with FITC anti-B220 (white), and eFluor660 anti-Lyve-1 (false-colored pink) to
show B cell follicles and lymphatics. (c) View of a single B cell follicle within the tissue slice (10x
mag). Here we can visualize overlaid B cells labelled with PCL-PLLA nanoparticles (false-colored
green) and T cells labelled with NHS-Rhodamine (false-colored blue). (d) Individual channel data
from (c). Some nanoparticle aggregates align well with the Lyve-1 signal (dashed ovals).

2.2.8 Conclusion
This work described the fabrication and the characterization of a family of five bright-blue
fluorescent boron-based polymeric nanoparticles. The nanoparticles exhibited high excitation and

emission efficiency at wavelengths that match well with a variety of traditional sources for

microscopy and flow cytometry, including a 405 nm laser, 395 nm LED and 360/60 nm excitation
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filter. Nanoparticle stability at 37 °C was best maintained in supplemented RPMI media and an
isotonic glucose solution without saline. Primary splenocytes, particularly the phagocytic cell
types, were well labelled by these particles and remained brightly fluorescent overnight with no
detectable impact on viability or ability to respond to stimulation. PCL-PLLA co-block polymer-
based nanoparticles had the highest labelling efficiency and cellular retention over time.
Nanoparticle labelling was cytoplasmic and is significantly brighter than cells labelled with Cell
Tracker Blue, a commercially available cytoplasmic blue dye, when imaged by both confocal and
widefield microscopy. Cells labelled with PCL-PLLA were easily distinguished against tissue
autofluorescence, which enabled straightforward four-color imaging. This is the first
demonstration of a materials-based blue fluorescent labelling reagent for cell tracking in the
context of tissue autofluorescence. In the future, we will use this approach to image B and T cell
interactions within ex vivo lymph node samples and map where these interactions occur. Broadly,
these bright blue fluorescent nanoparticles expand the toolbox for cellular labelling and tracking
in multi-color imaging experiments and may find many applications in a variety of tissues.
Potential future improvements include varying the surface chemistry of the nanoparticles to
enhance uptake by non-phagocytic cells, and adding functional groups such as succinimidyl esters
or maleimides to increase dye retention within the cells.
2.3 Experimental Sections
2.3.1 Materials

3,6-Dimethyl-1,4-dioxane-2,5-dione (p,-lactide, Aldrich) was recrystallized twice from
ethyl acetate and stored under nitrogen. Polyethylene glycol (PEG, Sigma Aldrich, MW = 2000
Da) was dried via azeotropic distillation from toluene according to a reported protocol.?’ The

lactone, e-caprolactone, was dried over CaH, and distilled under reduced pressure.*° THF used for
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Mitsunobu coupling reactions was dried (2 x) over 3 A molecular sieves activated at 300 °C.3' All
other chemicals were reagent grade from Sigma Aldrich and were used without further purification.
2.3.2  Methods

"HNMR spectra were recorded on a Varian VMRS/600 (600 MHz) instrument in CDCls
unless otherwise indicated. 'H NMR resonance was referenced to the residual protiochloroform
signal at 7.260 ppm. Coupling constants are given in hertz. Polymer molecular weights (MW) and
polydispersity indices (D) were determined by gel permeation chromatography (GPC) (THF,
25 °C, 1.0 mL / min) using multi-angle laser light scattering (MALLS) (A = 658 nm, 25 °C) and
refractive index (RI) (A = 658 nm, 25 °C) detection. Polymer Laboratories 5 pm mixed-C columns
(guard column plus two columns) along with Wyatt Technology (Optilab T-rEX interferometric
refractometer, miniDAWN TREOS multi-angle static light scattering (MALS) detector, ASTRA
6.0 software) and Agilent Technologies instrumentation (series 1260 HPLC with diode array
(DAD) detector, ChemStation) were used in GPC analysis. The incremental refractive index (dn/dc)
was calculated by a single-injection method assuming 100% mass recovery from the columns. UV-
vis spectra were recorded on a Hewlett-Packard 8452A diode-array spectrophotometer.
2.3.3 Synthesis

BF>dbmPLA (1). The polymer was synthesized as previously described.!® A representative
procedure and characterization data are provided. A dry Kontes flask was charged with
BF>dbmOCH>CH>OH (28.4 mg, 0.085 mmol) and p, 1 -lactide (1.25 g, 8.6 mmol) under nitrogen.
The flask was sealed and entirely submerged into an oil bath at 130 °C to create a homogeneous
melt. Under a positive flow of nitrogen, a stock solution of Sn(Oct); (0.69 mg, 0.0017 mmol) in
hexanes was added into the reaction mixture via syringe. The reaction was heated until a viscous

mixture resulted (5 h). The reaction mixture was cooled to room temperature, dissolved in a
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minimal amount of CH2Clz, and precipitated by dropwise addition into cold MeOH (-20 °C, 50
mL). The polymer was collected by centrifuge, the supernatant was discarded, and the solid residue
was reprecipitated from CH>Cl,/MeOH (-20 °C, 50 mL). The resulting solid was then precipitated
from CH>Cly/hexanes, and the residue was dried in vacuo to yield a yellow semicrystalline solid:
810 mg (76 %, corrected for monomer conversion). M, (GPC/MALS) =12 300 Da, b = 1.06. M,
('HNMR) = 15 200Da. 'H NMR: (600 MHz, CDCl3) & 8.14 (q, J = 6, 4H, 2', 6-Ph-H, 2", 6"'-Ph-
H),7.67 (t,J =6, 1H, 4-Ph-H), 7.55 (t, ] = 6, 2H, 3', 5'-Ph-H), 7.07 (s, 1H, COCHCO), 7.02 (d, J
=6, 2H, 3", 5"-Ph-H), 5.12-5.22 (m, broad, 206H, PLA-CH), 4.52 (d, J = 12, 2H, CH>CH,OAr),
4.33 (t,J =6, 2H, CH,CH>OAr), 1.52-1.58 (m, broad, 655H, PLA-CH3).

BF>dbmPLLA (2). The polymer was synthesized as previously described for 1, but . -lactide
was used as the monomer in place of p, L-lactide to yield an off-white semicrystalline solid: 460
mg (65 %). M, (GPC/MALS) =12 200 Da, b = 1.24. 'H NMR: (600 MHz, CDCI3) & 8.14 (q, J =
6, 4H, 2', 6'-Ph-H, 2", 6"-Ph-H), 7.67 (t, ] = 6, 1H, 4'-Ph-H), 7.55 (t, J = 6, 2H, 3', 5'-Ph-H), 7.10
(s, IH, COCHCO), 7.02 (d, J = 12, 2H, 3", 5"-Ph-H), 5.15 (q, J = 6, 132H, PLLA-CH), 4.53 (t,]
=6, 2H, CH>CH,0Ar), 4.34 (t, ] = 6, 2H, CH2CH>OAr), 1.45-1.68 (m, broad, 467H, PLLA-CHs).

BF>dbmPCL (3). The polymer was synthesized as previously described for 1,32 but -
caprolactone was used as monomer in place of p, L-lactide to yield a yellow solid: 512 mg (83 %).
M, (GPC/MALS) = 6 900 Da, b = 1.06. '"H NMR: (600 MHz, CDCI3) & 8.14 (q, J = 6, 4H, 2, 6'-
Ph-H, 2", 6"-Ph-H), 7.67 (t, J = 6, 1H, 4'-Ph-H), 7.54 (t, ] = 6, 2H, 3', 5'-Ph-H), 7.11 (s, 1H,
COCHCO), 7.04 (d, J =6, 2H, 3", 5"-Ph-H), 4.47 (t, ] = 6, 2H, CH>CH20Ar), 4.29 (t, J = 6, 2H,
CH2CH>OAr), 4.04 (t, J = 6, 178H, RCOOCHz), 3.66 (s, 1H, ROH), 2.29 (t, J = 6, 177H,

CH>COOR), 1.60-1.66 (m, broad, 360H, CH>), 1.34-1.39 (m, broad, 186H, CH>).
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BF>dbmPCL-PLLA (4). The PCL-PLLA copolymer was synthesized as previously described to
yield a yellow solid: 344 mg (73 %).'¢ M, (GPC/MALS) =7 700, b = 1.17. '"H NMR: (600 MHz,
CDCl) 6 8.14 (q, J =6, 4H, 2', 6'-Ph-H, 2", 6"-Ph-H), 7.65 (t, ] = 6, 1H, 4’-Ph-H), 7.53 (t,J = 6,
2H, 3', 5’-Ph-H), 7.10 (s, 1H, COCHCO), 7.00 (d, J = 12, 2H, 3", 5"-Ph-H), 5.16 (q, J = 6, 88H,
PLLA-CH),4.47 (t,J =6, 2H, CH2CH20Ar), 4.29 (t, ] = 6, 2H, CH2CH>0OAr), 4.04 (t, J = 6, 169H,
RCOOCH->), 2.29 (t, ] = 6, 168H, CH,COOR), 1.60-1.67 (m, broad, 347H, CH>), 1.35-1.38 (m,
broad, 177H, CH>).

BF>dbmPLLA-PEG (5). The BF2dbmOH dye was coupled to the PLLA-PEG block
copolymer via a Mitsunobu reaction with diisopropyl azodicarboxylate (DIAD) as the activating
reagent.!” In a dry round bottom flask, PEG-PLLA-OH (M, = 10 200 Da, 455 mg, 0.0445 mmol),
BF>dbmOH (26 mg, 0.089 mmol) and triphenyl phosphine (PPhs, 54 mg, 0.178 mmol) were
dissolved in anhydrous THF (60 mL) under nitrogen. The reaction mixture was chilled to -10 °C
(acetone/ice bath) for 30 min before the DIAD reagent was added via syringe (40 puL, 0.178 mmol).
The flask was removed from the chilled bath, and allowed to warm to room temperature. After
stirring for 3 d, the THF was concentrated via rotary evaporation. Crude polymer was dissolved in
a minimal amount of CH>Cl,, precipitated into cold MeOH (-20 °C, 2 x 30 mL), filtered, and
washed with cold MeOH (-20 °C). The resulting residue was dried in vacuo to yield a yellow fluffy
solid: 336 mg (73 %). M, (GPC/MALS) = 10 500, B = 1.05. 'H NMR: (600 MHz, CDCl3) & 8.13
(t,J=6,4H, 2', 6'-Ph-H, 2", 6"-Ph-H), 7.66 (t, ] = 6, 1H, 4'-Ph-H), 7.54 (t, ] = 6, 2H, 3, 5'-Ph-H),
7.10 (s, 1H, COCHCO), 7.04 (d, J = 12, 2H, 3", 5"-Ph-H), 5.15 (q, J = 6, 178H, PLLA-H), 3.63
(s, broad, 178H, PEG-OC>H,+-0), 3.36 (s, 3H, PEG-OCHj3), 1.57 (m, broad, 541H, PLLA-CH5).

2.3.4 Luminescence Measurements
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Steady-state fluorescence spectra for the boron dye initiator, polymer and nanoparticle
suspensions were recorded on a Horiba Fluorolog-3 Model FL3-22 spectrofluorometer (double-
grating excitation and double-grating emission monochromator) after excitation. Optically dilute
aqueous solutions of the nanoparticles, with absorbance <0.1 au, were prepared in 1 cm path length
quartz cuvettes. Fluorescence spectra were obtained under ambient conditions (i.e., air, ~21%
oxygen in volume).

2.3.5 Nanoparticle Fabrication and Characterization

Nanoparticles were fabricated as previously reported.>> The polymer (~3.0 mg) was
dissolved in DMF (3 mL), then the dye solution was added dropwise to rapidly stirred DI water
(27 mL). The homogeneous mixture was stirred for 30 min, then the nanoparticle suspension was
transferred into dialysis tubing (Specra/Pro, 12-14 kDa MWCO, Fisher Scientific) followed by
dialysis against water for 24 hours. Nanoparticle size and polydispersity were analyzed by dynamic
light scattering (DLS, Wyatt, DynaPro). Zeta potentials were determined by Zetasizer Nano Z
(Malvern instruments, UK) and data were analyzed using DTS Nano software. UV-Vis absorbance
was recorded by diluting ~1 mg/mL stock nanoparticle suspensions to 50 pg/mL in DI water. The
extinction coefficient was estimated based on the Beer-Lambert law.

2.3.6 Nanoparticle Stability

The stock suspensions of nanoparticles (1 mg/mL) were serially diluted (200, 100, 50, 20,
10 pg/mL) with DI water, PBS, water/glucose/serum, and supplemented RPMI. Each sample (100
uL) was injected into a 96-well microtiter plate. Mineral oil was added on the top of each well via
syringe to form a thin layer to prevent evaporation. The plate was put into the DLS instrument,
protected from light, set to 37 °C and the sizes and polydispersities of the nanoparticles were

recorded every 12 h for one week. Nanoparticle aggregates larger than 2000 nm exceed the DLS
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detection limit. Separately, samples were incubated at 37 °C for five days to obtain daily
photographs, as well as the emission spectra, to capture evidence of aggregation and fluorescence
changes. GPC was used to monitor the polymer molecular weights (i.e. polymer stability) before
and after incubation for specified times. To prepare samples for GPC analysis, nanoparticle
aliquots in water were freeze-dried then dissolved in THF for injection into the GPC instrument.
The degradation of boron dyes and hydrolysis of polyester were also analyzed by 'H NMR
spectroscopy in CDCls.
2.3.7 Cell Culture

All animal work was approved by the Animal Care and Use Committee of the University
of Virginia under protocol #4042, and was conducted in compliance with guidelines from the
University of Virginia Animal Care and Use Committee and the Office of Laboratory Animal
Welfare at the National Institutes of Health (United States). Mice were housed in a vivarium and
given food and water ab libitium. Spleens, and lymph nodes where appropriate, were collected
from male and female C57Bl/6 mice aged 6-10 weeks (Jackson Laboratories, USA) after
isoflurane anesthesia and cervical dislocation. To isolate splenocytes, the spleen was processed
through a 70-um pore size nylon filter (Fisher Scientific, USA) and rinsed with sterile 1x
phosphate buffer saline (PBS) supplemented with 2% v/v fetal bovine serum (FBS, VWR, USA).
Red blood cells were lysed and the cell suspension was filtered through a fresh 70-um filter. Cell
density was determined through trypan blue exclusion. Where noted, B cells were isolated from
bulk splenocytes by using a B cell enrichment kit (StemCell Technologies, USA) based on
negative magnetic selection, according to manufacturer instructions. For all overnight cultures,
cells were cultured at a concentration of 1x10° cells/mL in “complete RPMI;” RPMI (Lonza, 16-

167F) supplemented with 10 % FBS (VWR, Seradigm USDA approved, 89510-186) Ix L-
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glutamine (Gibco Life Technologies, 25030-081), 50 U/mL Pen/Strep (Gibco), 50 uM beta-
mercaptoethanol (Gibco, 21985-023), 1 mM sodium pyruvate (Hyclone, GE USA), 1x non-
essential amino acids (Hyclone, SH30598.01), and 20 mM HEPES (VWR, 97064-362) with 120
ng/mL IL-2 (Peprotech, USA).

2.3.8 Cell Labelling

To minimize nanoparticle aggregation, cellular labelling with nanoparticles was performed
in an isotonic glucose solution without saline. Splenocytes were resuspended at 10x10° cells/mL
in a solution of 5% w/v D-glucose and 2% v/v FBS in ultra-pure water (water-glucose-serum
solution, or 1x WGS; components from Thermo Fisher). A staining solution was prepared by
mixing 3 parts nanoparticle stock solution (1 mg/mL in water), 2 parts 10x WGS, and 5 parts water.
The staining solution was mixed in equal volumes with the cell suspension. This resulted in a 1x
WGS solution that contained cells at 5x10° cells/mL with nanoparticles at 0.15 mg/mL. Cells were
incubated, protected from light, at room temperature for 30 min, then washed and resuspended at
1x106 cells/mL in supplemented RPMI.

To label with Cell Tracker™ Blue CMFHC (4-chloromethyl-6,8-difluoro-7-
hydroxycoumarin, Invitrogen), cells were resuspended at 1x10° cells/mL in 1x PBS in the presence
of 10 uM Cell Tracker™ Blue (CTB). Cells were incubated, protected from light, at 37 °C for 30
min, then washed and resuspended at 1x10° cells/mL in supplemented RPMI.

2.3.9 Flow Cytometry

Cells were resuspended at 0.5 x10° cells/mL in 10 pg/mL anti-CD16/32 blocking antibody
and incubated at 4 °C for 20 minutes. Antibody cocktail was added, and the cells were incubated
for a further 30 minutes at 4 °C. Cells were then washed and resuspended at 0.5 x10° cells/mL and

mixed with 5 pg/mL 7-AAD (AAT Bioquest). To stain bulk splenocytes, the antibody cocktail
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was comprised of antibodies for CD3, CD4, CD11c, and B220 in 1x PBS with 2% v/v FBS. Details
on antibody reagents are provided in the Supplementary Methods. All flow cytometry data was
collected on a Guava 12HT EasyCyte Cytometer (EMD Millipore, USA) using a 405 nm laser and
450/45 nm emission filter and analyzed using FCS Express 6.
2.3.10 B Cell Activation In Vitro

Isolated B cells were labeled with 5 uM CFSE (carboxyfluorescein diacetate succinimidyl
ester, BD Biosciences) for 30 minutes at 37 °C, rinsed, and resuspended in supplemented RPMI
media. B cells were phenotyped by flow cytometry as above, using anti-B220 (FITC). The cells
were cultured at 1x10° cells/mL for 48 hours with 0.2 pg/mL of IL-4 (Pepro Tech) and 10 pg/mL
R848 (Invivogen) or with PBS control. Afterwards, the cells were removed from the plate and
stained for flow cytometry as described above, using CD40 and CDS0.
2.3.11 Ex Vivo Overlays

Murine lymph nodes were collected and sliced as previously reported.?#-3¢ Briefly, inguinal,
axial and brachial lymph nodes were collected from male and female C57B1/6 mice, embedded in
6% low melting point agarose (Lonza) and sliced 300-pum thick on a vibratome (Leica VT1000s,
USA). Lymph node slices were immunostained with FITC anti-mouse B220 and Lyve-1 as
previously reported.?’” CD3+ T cells were isolated by using a CD3 negative selection kit according
to manufacturer instructions (StemCell Technologies, USA) from splenocytes sex-matched to the
lymph node slices. T cells (1x10° cells/mL) in 1x PBS were labelled by incubating with NHS-
Rhodamine (1 pg/mL, Thermo Fisher) for 30 minutes at 37 °C. B cells were isolated and labeled
with CFSE as above, mixed with labelled T cells and concentrated to 10x10° cells/mL. The cell

mixture was then overlaid onto immunostained lymph node slices for 1 hour at 37 °C. To remove
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excess cells, slices were incubated for at least 30 minutes in 1x PBS with gentle agitation at regular
intervals.
2.3.12 Imaging

Confocal microscopy was performed on a Nikon A1Rsi confocal upright microscope, using
a 400 nm laser and 450/50 nm GaAsP detector. Images were captured with a 40x/0.45NA Plan
Apo NIR WD objective. Widefield microscopy was performed on a Zeiss AxioZoom upright
macroscope, using a Zeiss PlanNeoFluar Z 1x / 0.25 NA FWD 56mm objective, Zeiss Axiocam
506 mono camera, and HXP 200 C illuminator with metal halide lamp (Zeiss Microscopy,
Germany). Images were collected with Zeiss filter sets 49 (Ex: 365, Em: 445/50), 38 HE (Ex:
470/40, Em: 525/50), 43 HE (Ex: 550/25, Em: 605/70), and 50 (Ex: 640/30, Em: 690/50). Image
analysis was completed using ImageJ software 1.48v.3
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Chapter 3: Multi-Color Difluoroboron -Diketonate Dyes for Camera-

Based Wound Oxygen Imaging
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3.1 Introduction

In biological oxygen imaging, the development of portable, cost effective, and simple
imaging instrumentation has always been an important goal. Traditionally, ratiometric oxygen
sensing is conducted by measuring separate images of fluorescence and phosphorescence with
appropriate emission filters. For resolved spatiotemporal ratiometry, capturing multiple images is
not desired to produce reliable and fast readout. Simpler systems have been developed, using a
red/green/blue (RGB) color camera to minimize data demands and offer fast acquisition and
processing. Each color channel in an RGB camera holds information as light intensity. In
ratiometric imaging, emission from the fluorescence standard and the phosphorescence sensor can
be captured simultaneously in separate color channels.

Ratiometric oxygen sensors employing RGB imaging have been realized in many
biomedicine contexts. For example, MoBhammer and coworkers prepared sensor films to image
pH and O simultaneously with minimal signal crosstalk using an RGB and near-infrared camera
for soil/water applications.! This was achieved by combining a green fluorescent reference
(BusCoum) and an Os-sensitive phosphor (Eu(HPhN):dpp) in a polystyrene (PS) film on a
poly(ethylene terephthalate) (PET) support. Then, another pH-sensitive hydrogel layer consisting
of OHButoxy-aza-BODIPY in polyurethane was deposited on top. The power of the RGB
technique is the ability to match luminophore reference and sensor emissions with the channel
quantum efficiencies of the camera. Moreover, it can be easily adapted to other imaging systems
such as widefield and confocal microscopy with CCD or CMOS cameras, and accelerates the
imaging acquisition time.

For efficient and accurate RGB ratiometric imaging, the standard and the sensor should

have emissions well separated without overlap, and the emissions should be aligned with
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corresponding camera channels. In addition, it is ideal for the standard and the sensor to be excited
by the same excitation source. The ratio of fluorescence to phosphorescence should also be
optimized. Ideally, phosphorescence is strong enough to detect oxygen level variations, and
fluorescence is bright enough to be visualized over tissue background or autofluorescence. In our
initial report of RGB camera imaging, a series of difluoroboron naphthyl phenyl 3-diketonate-PLA
materials (BFonbm(X)PLA; where X = H, Br, or I) were used to achieve ratiometric oxygen
sensing in a murine wound model.> These dyes showed excellent control of oxygen sensitivity,
large singlet-triplet energy gaps between the F and P emissions,* and tunable F/P intensity ratios
via heavy-atom substitution.

To expand the BF:bdks luminophore toolbox, investigation into new dye scaffolds is
needed. Having a range of dyes will increase the versatility and capabilities of BF2bdk oxygen
sensors. In this report, we prepare a range of new BF:bdk oxygen sensors for RGB-imaging
applications. We designed six new dyes by substituting aromatic groups (phenyl, naphthyl, and
thienyl) and methoxy donors (numbers and positions) to optimize the luminescence for peak
separation and RGB channel alignment (Figure 3.1).*¢ These derivatives were also equipped with
an iodide to enhance intersystem crossing, and a Ci2 carbon chain to improve solubility in common
organic solvents (e.g. EtOAc) for synthesis and processing. The optical properties of new dyes
were studied in solution and in solid state. For demonstrating the oxygen capabilities, simple
dye/polymer blends were applied on murine wound model, in combination with an RGB-camera
imaging system. To optimize oxygen calibration, we established a MATLAB software to resolve
fluorescence and phosphorescence emissions, and to evaluate the oxygen sensing ability of each
dye/polymer blend. Previously, we used polylactide-based nanoparticles for wound imaging.2 PLA

nanoparticles can be readily up taken by cells, and it is possible that cellular uptake and NP
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penetration into the wound bed protects the nanoparticles from ambient conditions.” Another
possibility is that the hydrophobic nanoparticles precipitate when they come in contact by the
wound media (a.k.a. blood), thus coating the wound surface. To better understand the mechanism
of cover-free oxygen-sensing, we propose changing the nanoparticle formulation and testing both
PLA and PLA-PEG nanoparticles. Having the PEGylated surface on the nanoparticles will hinder
cellular uptake and possibly stabilize the nanoparticle suspension in the wound bed.”* Changes in

ratios and images will provide more information on the importance of the sensor formulation.
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Figure 3. 1. Boron dye design for dual-emissive materials in PLA.

3.2 Results and Discussions
3.2.1 Synthesis

Dyes were prepared with various arenes (phenyl, naphthyl or thienyl) and alkoxy groups
and positions as illustrated in Figure 3.2. The chemical structures are designed with several goals
in mind: 1) to have the F and P align with the blue, green or red camera channels, 2) to spectrally
isolate F and P emission, and 3) to optimize F and P as well-balanced, comparable intensities (not
overly strong fluorescence or phosphorescence). We hypothesized that only subtle changes in the
electronic structure of the dyes are necessary to optimize the emission colors for the RGB camera.?
In previous reports, dramatic changes in structure resulted in extremely weak or undetectable P

emission (e.g. anthracyl and dialkylamino substitution).>* Also, the dinaphthoylmethane ligands
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(dnm) were excluded because previous reports showed that the increased m—conjugation resulted
in significant F and P overlap,” which is undesirable for RGB camera imaging.'°

Though the exact method for achieving desirable optical properties is not yet known, some
general principles may be applied. Compared to BFoanbm(Br)PLA, P only needs to be blue-shifted
~20 nm into the green channel, or ~20 nm into the red channel. We hypothesize that an alkoxy
donor can achieve this, without diminishing P. Phenyl units were selected to blue-shift the
emission properties,* and thienyl units, for red-shifting emission.®!! Also, alkoxy substituents can
play many roles in tuning emission color and intensity, such as larger Stokes shift and higher
quantum yield.'?!3 Therefore, we focused on meta- and para- monosubstituted and meta- dialkoxy
substituted derivatives. Compound 1 was included for comparison, because it has been studied

previously by our group.'41?
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Figure 3. 2. Chemical structures of difluoroboron 3-diketonate dyes.

All the derivatives in this study have iodide included on the ligand to enhance the rate of
intersystem crossing (ISC). This serves two purposes for the oxygen sensing materials. First, the
heavy atom increases the intensity of the P relative to the F for ratiometric imaging.!® Second, it

decreases the P lifetime, which in turn decreases the oxygen sensitivity of the dyes.?’ The longer
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P lifetimes of dyes are quenched rapidly by oxygen and respond within a much narrower oxygen
sensing range, often outside reasonable ranges for biological sensing. Previously we reported an
iodide version of BFonbm(X)PLA (X = iodide) that can sense oxygen from 0-100%.2 Although
certain iodide-substituted materials suffer from poor solubility in common organic solvents (e.g.
acetone), here this challenge is addressed by adding a dodecyloxy (-OCi2Hazs) chain to facilitate
the purification process and making dye/polymer blends rather than dye-polymer conjugates.

Scheme 3.1. Synthesis of BF2dtm(I)OCi2Hzs (6).
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The BF:bdk dyes 1-6 were prepared as previously described'>?! Phenolic ketones and
esters were alkylated via Williamson ether synthesis to generate dyes precursors with a
hydrophobic solubilizing C12 unit. Alkylated ketones and esters were subjected to Claisen
condensation with an iodide-substituted ketone or ester to form the diketonate ligand. Ligands
were then coordinated to boron difluoride in the presence of boron trifluoride diethyl etherate to
produce the boron dye products. Dyes 1-5 were prepared in moderate yields (20-80%). For the
thienyl-substituted dye, BF2dtm(I)OCi2H2s (6) (Scheme 3.1) the ligand was purified via column
chromatography to yield a brown oil, which showed poor stability in air. Thus, the crude ligand
was carried on directly to boronation. The boron complex was purified via column
chromatography (4:1 hexanes/EtOAc), followed by recrystallization in ethyl acetate/hexanes to

yield a stable orange crystalline solid. Generally, these dual-emitting dyes are easy to prepare in
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a few steps. Compared to iodinated boron dye initiators for lactide polymerizations,>® these
derivative are more soluble in common organic solvents (e.g. CH>Cly, acetone, EtOAc).
3.2.2 Optical Properties in Solution

The dyes were first characterized in dilute CH>Cl> solution (1.0 x 10 M) to evaluate
differences based on molecular structure, without aggregation or matrix effects that occur in the
solid-state (Table 3.1).3*!22223 The influence of alkoxy substitution can be observed with the
difluoroboron dibenzoylmethane (BF2dbm) derivatives, 1-3. The dye with C12 at the para-position
(1) showed the highest extinction coefficient and the smallest Stokes shift of the series (¢ = 63 000
M em!, Aapsr = 28 600 cm™!). When the alkoxy group is present at the meta-position (2), the
extinction coefficient decreased and the fluorescence redshifted considerably, resulting in a larger
Stokes shift (¢ = 31 000 M cm™!, Aaps-r = 92 600 cm!). When both the meta- and para-positions
are alkoxy substituted, the extinction coefficient increased slightly, and the absorption and
fluorescence maxima red-shifted by about 20 nm compared to compound 2 (g = 44 900 M! cm’!,
AabsF = 97 100 cm™!). The para-substituted dyes showed shorter fluorescence lifetimes compared
to the derivative with only a meta-substituted alkoxy (tr; 1 =1.50 ns and 3 = 1.23 ns vs. 2 = 7.65
ns). For compound 2, the low extinction coefficient, large Stokes shift and long fluorescence
lifetime suggest greater intramolecular charge transfer (ICT) character.*?*? A similar trend can
be observed for the naphthyl-phenyl derivatives (nbm; 4 and 5), however, the effects are less
dramatic (4; € =46 300 M"! cm™!, Agps-r = 60 nm, 5; € =49 600 M! cm™!, Aqps-r = 86 nm). It is likely
that the naphthalene aromatic unit contributes more to the electronic properties compared to the
phenyl, even if the alkoxy donors are present on the phenyl ring.”® Nevertheless, dialkoxy
substitution (5) red-shifted both absorption and emission compared to the single meta-alkoxy

substituted derivative (4). Impressively, the dithienyl dye (6) showed strong 446 nm absorption (¢
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= 69 600 M! cm!) in CH2Cly, absorbing blue light, which is important for reducing the

phototoxicity associated with UV excitation.?%%’

Table 3. 1. Optical Properties of Boron Dyes in CH>Cl»

Sample Aabs ¢ € b Aem® 1 Op¢
(nm) M'cem!) (nm) (ns)
1t 409 63000 444  1.50 0.67
28 394 31000 502 7.65 0.22
3 420 44900 523 1.23 0.18
4 413 46 300 473  0.78 0.03
5 432 49 600 518 0.81 0.12
6 446 69 600 470 1.01 0.05

“Absorption maxima. ’Extinction coefficients calculated at the absorption maxima. ‘Fluorescence
emission maxima excited at 369 nm. “Fluorescence lifetime excited with a 369 nm light-emitting
diode (LED) monitored at the emission maximum. All fluorescence lifetimes are fitted with single-
exponential decay. “Relative quantum yield, versus anthracene in EtOH as a standard.?® / Values
reproduced from Morris et al.!® € Values reproduced from Daly et al.!?
3.2.3 Computational Study

The optical properties in solution were supplemented by DFT calculations of the dye
molecules in the singlet ground state in CH>Cl> solvent (B3LYP and 6-31+G(d)). According to
previous reports involving BF2bdks, two main features in the calculations can be indicative of
strong P emission in the solid state. First, for strong P, the halide heavy atom (Br or I) must have
sufficient electron density in participating orbitals to promote intersystem crossing.>2*> Second, P
is further enhanced via intramolecular charge transfer (ICT).!*?° Balancing these electronic
properties can facilitate the design of dual-emitting fluorophores.

Evaluation of the frontier molecular orbital diagrams of 1-6 provides important insights
into material design. First, the molecular geometries were optimized to the lowest energy in the
ground state, shown in Figure 3.3 and Tables S3.1-S3.6. All dyes showed planar geometries,

typical for m—conjugated dyes. Then, the singlet absorption energy in the ground state geometry

(So) was calculated. This is the transition from the highest occupied molecular orbitals (HOMO)
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to the lowest unoccupied molecular orbitals (LUMO) to general the frontier molecular orbital

diagrams (FMO), as shown in Figure 3.3.4
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Figure 3. 3. Calculated Frontier Molecular Orbitals for Compounds 2, 3, and 6. Note: For
compound 6, the geometry optimization shown was the only rotamer tested. Images for 2 were
reproduced with permission from Daly et al.!3

Two main types of absorption features can be qualitatively observed in the molecular
orbital diagrams for compounds 1-6, namely, a n—m* transition and a intramolecular charge
transfer transition (ICT).3° The n—m* transition is indicated by a delocalization of electrons in both
the HOMO and the LUMO diagrams. In contrast, ICT-transitions typically have an electron-

localized HOMO, where the molecule is electronically rich, and a n—delocalized LUMO. ICT and

n—m* transitions in the molecules can be indicative of fluorescence and phosphorescence
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properties in the solid state. Structural changes in the dyes, such as alkoxy number and placement,
altered the localization of electrons in the dyes. However, the LUMO FMOs of all six compounds
are similar, where electrons are evenly distributed along the ligand and the dioxaborine (OBO)
(e.g. Figure 3.3: LUMO row). Therefore, it can be speculated that variations in the B-diketonate
structure influenced the HOMO energy more than the LUMO, as the HOMO FMOs vary
dramatically.

Analysis of BF2dbm dyes (1-3) reveals the role of alkoxy-substitution in the dyes.
Compound 1, with a para-substituted -OC12 chain, showed a small charge-transfer effect but
retained the distinct m—m* transition; that is, electron density is delocalized across the aromatic
n—system similar to previous reports (Table S3.1).!* When the alkoxy-substituent is solely at the
meta-position (2), the electron density became localized and the transition from the HOMO to the
LUMO is more ICT in character(Figure 3.3). This is also the case for the dialkoxy-substituted dye
(3), where the main absorption is ICT in character as well (Figure 3.3; Table S3.3). The alkoxy
influences on the electron density in the HOMO are less pronounced in the naphthyl-phenyl
variations (4 and 5; Tables S3.4-S3.5). Increased m—conjugation in fluorophores (e.g. phenyl vs.
naphthyl) simultaneously raises the HOMO energy and lowers the LUMO energy.*'3 The result
is lower energy absorption and emission from the dyes.” Because the naphthalene is higher in
energy compared to the phenyl ring, substitution on the phenyl ring in naphthyl-phenyl dyes will
have less influence compared to the phenyl-phenyl dyes.? As a result, the FMOs of compounds 4
and 5 are very similar, having a mix of both ICT and n—n* transitions.

Compound 6 showed the most promising results of the set given the HOMO and LUMO
FMOs are delocalized along the entire molecule, showing good m-conjugation important for red-

shifting the absorption and emission. Abundant electron density is localized on the iodo-heavy
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atom in all the molecular orbitals. This should produce intense, red-shifted RTP, ideal for oxygen
sensing.
3.2.4 Model Studies in Poly (lactic acid) Films

For BF:bdks, RTP is only observed when the dyes are embedded in amorphous matrices.>*
Compounds 1-6 were combined with poly(lactic acid) (PLA) and the dye-polymer blends were
used to cast films on the inside of vials to analyze their phosphorescence properties. The vial
provides a convenient chamber for controlling the environmental oxygen level exposed to the
dye/PLA films. Dyes were loaded at 2.5% (w/w) in PLA to mimic the dye loading of a 25-30 kDa
PLA polymer conjugate,®> which showed larger F to RTP wavelength gaps compared to higher
dye loadings in previous reports.!” Important oxygen sensing features, such as fluorescence
wavelength (Ar), phosphorescence wavelength (Ap), the F/P gap, the F/P ratio, the phosphorescence
lifetime (trrp) and the oxygen sensitivity in the hypoxic range (0-1%) were evaluated (Table 3.2).
Table 3. 2. Optical Properties of Boron Dyes in PLA Films®

Sample Aex” A B¢ t? Arre® TR/ S8
(nm) (nm) (ns) (nm) (ms) (To/T1%)

1" 405 438 1.19 522 5.03 2.81
2h 398 472 199 536 11.06 3.45
3 420 493 241 576 15.00 4.13
4 408 459 0.81 558 1.70 1.44
5 434 492 0.80 574 6.17 3.13
6 433 464 0.65 585 2.09 1.70

%2.5% weight percent dye (mass of dye/mass of PLA). ® Maxima of the excitation spectrum
monitored at the fluorescence maxima. ¢ Fluorescence emission maxima excited at 369 nm.
Fluorescence lifetime excited with a 369 nm light-emitting diode (LED) monitored at the emission
maximum. All fluorescence lifetimes are fitted to a double-exponential decay. ‘Phosphorescence
maxima in the delayed emission spectrum (Aex = 369 nm from a Xenon flash lamp and with a 0.5
ms delay). /Phosphorescence lifetime monitored at the phosphorescence maximum (Aex = 369 nm
from a Xenon flash lamp). Sensitivity parameter (S = to/t1% to indicate the amount quenched in
the most sensitive range).>® # Values reproduced from Daly et al.!3

The fluorescence of the dyes in PLA matched expectations based on the fluorescence in

CH:Cl; solution. For the fluorescence maxima, the para-substituted dibenzoylmethane dye (1)
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showed the bluest emission (438 nm) and the meta-para-dialkoxy derivatives (3 and 5) showed
the reddest emission (~490 nm). The fluorescence lifetimes (tr) in PLA showed multi-exponential
decays, typical for dyes embedded in PLA.? On average, the lifetimes of dbm dyes 1-3 (1-3 ns)
were generally longer than the nbm dyes 4 (0.81 ns) and 5 (0.80 ns) and the dithienyl derivative
(65 0.65 ns) (Table 3.2). Given the greatest difference in the scaffolds is the heavy-atom substituted
aromatic (e.g. phenyl, naphthyl or thienyl), the decrease in fluorescence lifetime could be a result
of the depopulation of the singlet state to the triplet state via intersystem crossing.!>! This is
supported qualitatively with the electron densities on the iodide atom in the DFT calculations.

An important parameter of dual-emissive materials for RGB oxygen-sensing applications
is the phosphorescence lifetime (tp), which is directly correlated to the oxygen sensitivity (S) of
the material. For the material to provide a good response, the sensitivity must be well-matched to
expected oxygen levels. For example, in tumors, the oxygen level varies in the hypoxic range (0-
5% 02),18,37 whereas diabetic tests utilizing Clark electrodes measure oxygen levels higher than
ambient levels (>21% 02).38,39 The Stern-Volmer quenching constant (Ksv) in Eq. 1 and Eq. 2
is a combination of the unquenched lifetime (t0) and the rate of oxygen diffusion through the
matrix (kq), and the intensity ratio of the unquenched reference (Io) to the sensor response (I) can

be used to monitor the concentration of the quencher (Q), or oxygen.

’70 = T?O =1 + K [0] Equation 3.1
Kgy = k479 Equation 3.2

As a result, long lifetimes result in highly sensitive oxygen sensors.**#! Since PLA is used as the

matrix for all these dye sensors, it can be inferred that all the changes in oxygen sensitivity are
most directly linked to the RTP lifetime (t,) and not the diffusion of oxygen through the matrix

(k,). Sensitivity is represented as the ratio of the unquenched phosphorescence lifetime (7,) to the
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phosphorescence lifetime at 1% oxygen (1,4).%° In this report, the dbm dyes (1-3) had the longest
phosphorescence lifetimes (5-15 ms), and therefore, the highest sensitivity values (S; Table 3.2)
between 0-1% oxygen. It has been shown in previous reports that this range of oxygen
concentration has the most linear relationship between phosphorescence quenching and oxygen
concentration.*? The nbm derivatives (4 and 5) on average showed decreased lifetimes (2-6 ms)
and are less sensitive to oxygen. Finally, with similar properties to the naphthyl dyes, compound
6, showed a phosphorescence lifetime of 2.09 ms and reduced sensitivity. With a wide range of
oxygen sensitivities at multiple wavelengths across the visible spectrum, simultaneous oxygen
sensing could be achieved using a combination of dyes.
3.2.5 Oxygen-Sensing Nanoparticles

For oxygen calibration and RGB camera imaging, the dyes were embedded in PLA-PEG
nanoparticles. The nanoparticles can be used in an array of applications, such as tumor or wound
hypoxia imaging.** Nanoparticles were fabricated by co-dissolution of a PLA-PEG block
copolymer (PLA= 10K, PEG = 2K; PDI = 1.05)® and a boron dye (1-6; 2.5 weight percent) in
dimethylformamide (DMF), followed by precipitation into stirred distilled water.” The formation
of the nanoparticles was confirmed by DLS. For nanoparticles fabricated from dye 6, the particle
radii (Ry) is 60 nm with polydispersity of 23.5%, which is typical for boron dye-polymer
nanoparticles (Figure S3.1).7® Oxygen calibrations were performed as previously described by
recording the total emission spectra at different oxygen levels.”* As expected, the fluorescence
intensity remained unchanged, while the phosphorescence intensity decreased with increasing
oxygen concentration.

When the oxygen was purged from the aqueous nanoparticle environment,

phosphorescence is greatly enhanced. Because phosphorescence is only observed in an amorphous
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matrix, such as PLA, it can be assumed that the dyes assembled into the hydrophobic core of the
nanoparticles, and are not present in the aqueous media or associated with the PEG.** The optical
properties were comparable in the two media (i.e. PLA blends and PLA-PEG nanoparticles).
Figure 3.4 shows the nanoparticles responding to ambient (air; 21% O:) and hypoxic conditions

(N2; 0% O»). Distinct color changes can be observed for all the derivatives.

Figure 3. 4. Visualization of Dye Embedded in PLA-PEG Nanoparticles in Air and N2 (Aex = 369
nm). Images of compound 1 and 2 were reproduced with permission from Daly et al.!3

3.2.6 MATLAB Calibration Optimization
To facilitate analysis of the nanoparticles, matrix laboratory (MATLAB) programs were

designed and developed for the oxygen calibration and RGB camera data (https://github.com/uva-

peirce-cottler-lab/nanoxim). Three programs were designed; a calibration optimization, an RGB

camera channel analysis, and a program for video processing. The first is for general use when
analyzing the emission of the dyes, such as deconvolution of the F and P, picking optimal F and P
wavelengths for ratiometry, and incorporation of scalar values to linearize the calibration data if
needed. For boron dyes, this program greatly facilitates oxygen-quenching analysis. For most dual-
emissive boron dyes, the F and P partially overlap to greater or lesser extents in total emission

spectra, and deconvolution allows for better calibration analysis. This is demonstrated in Figure
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3.5 with two extreme cases where first, the phosphorescence is very weak (BF.vbm(I)para-
OCi2H2s, 3), and second, where the fluorescence is very weak (BF2dtmOCi2Hzs, 6). The
calibration data namely, the total emission spectra at various oxygen levels, is inputted via an excel
spreadsheet and the program finds and isolates the fluorescence and phosphorescence wavelengths
and plots the F/P. With the isolated phosphorescence, the Stern-Volmer oxygen quenching
constants (Ksv) can be estimated (Figure 3.6). The oxygen quenching K, values are in good
agreement with the phosphorescence lifetimes of the dyes in PLA, where dyes with longer

phosphorescence lifetimes show a greater sensitivity to oxygen quenching.
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Figure 3. 5. MATLAB Processing of Oxygen Calibration Data from Boron Dyes in PLA-PEG
Nanoparticles (2.5%). A) Total emission spectra of 3 at various O levels (Aex = 385 nm). B) Total
emission spectra of 6 at various O2 levels (Aex = 385 nm). C) Isolated F and P of 3 after MATLAB

processing. D) Isolated F and P of 6 after MATLAB processing.
The second program enables calibration-free imaging by generating an RGB camera
calibration curve (Figures S3.2-S3.18). The quantum efficiencies of the camera are uploaded and

over-lain with the emission profiles of the dye. Also, filters can be added to tailor the ratios and
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output emission from the dyes. This program allows for fluorescence calibrations to be estimated
for channels and cameras without tediously conducting O»-calibrations for every camera/filter
combination for imaging applications.

Table 3. 3. Stern-Volmer Quenching Constants of BFabdks in PLA-PEG Nanoparticles

Sample Ko* e’
(% 02)'  (ms)

1 0.57 5.03

2 0.94 11.06

3 1.78 15.00

4 0.33 1.70

5 0.79 6.17

6 0.36 2.09

“Stern-Volmer slope from isolated phosphorescence intensity (Io/I; Figure 3.6). “Phosphorescence
lifetime of dye polylactide film monitored at the phosphorescence maximum (Aex = 369 nm from
a Xenon flash lamp).
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Figure 3. 6. Plot comparing the unquenched phosphorescence (RTP Lifetime) of dyes 1-6 and
their corresponding Stern-Volmer quenching constants (Ksy) of in PLA-PEG Nanoparticles
(Values from Table 3.3).
3.2.7 Oxygen Sensing with RBG Imaging

Select dyes showed promising features for RGB camera imaging applications. Important
features include the wavelength gap between the fluorescence and phosphorescence, RGB channel

alignment, and fluorescence to phosphorescence intensity ratio balance, that is, the fluorescence is

bright enough to be visualized over autofluorescence from tissues and cells, and the
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phosphorescence can respond in a physiologically relevant range. NPs containing compound 2
exhibit some of these ideal properties, where the fluorescence aligns well in the blue channel, and
the phosphorescence aligns in the green channel. Furthermore, the Oz-sensing range of the dye is
ideal for hypoxia imaging (0-5% O:). NPs containing the dithienyl dye 6 have impressive red
phosphorescence, ideal for reduced interference from autofluorescence and light scattering in
biological imaging.?” The fluorescence in the blue channel is quite weak but may be sufficient for
RGB imaging techniques. Also, there is minimal overlap between the fluorescence and
phosphorescence, therefore, both signals can be effectively and independently captured for
quantitative ratiometric analysis. NPs containing compound 5 were also analyzed. Compound 5
has a good O-sensing range and reasonable emission intensities for F and P, but the channel
separation is poor; the F and P span essentially all the channels indiscriminately. Comparing these

three dyes clarifies the importance of channel alignment for RGB O sensing.
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Figure 3. 7. Comparison of Boron Dyes for RGB Camera Imaging. A) Chemical structures of dyes
2, 5 and 6. B) Oxygen calibration data; total emission spectra of the PLA-PEG nanoparticles at
various oxygen levels (Aex = 385 nm). Shaded regions correspond to the respective channels of the
blue, green and red channels of the camera.
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Videos of nanoparticle suspensions while being purged with nitrogen were recorded using
a RGB camera mounted on a microscope as previously reported.? The videos were processed by

the MATLAB video analysis (https://github.com/uva-peirce-cottler-lab/nanoxim). Over the course

of 350 seconds, emission colors changed from blue to green for the BF2dbm dye (2), and from
blue to orange-red for BFdtm dye (6). Ratiometric images revealed that the F/P ratio decreases as
nitrogen concentration increases (decreasing oxygen concentration). The raw channel intensity
changes were plotted in respective channels (Figure 3.8). For the meta-alkoxy dye (2), the green
channel increases intensity with decreasing oxygen concentration, as expected for increasing
phosphorescence intensity, with minimal change in the blue channel. This is due to the channel
overlap in the camera (Figure S3.12), therefore, there will always be change in adjacent channels
(e.g. blue/green or green/red). The important thing is that the phosphorescence is predominantly
influencing the green channel for ratiometry, and other factors can be accounted for in the sensor
calibration. Nanoparticles containing compound 5 showed emission intensity changes in all the
channels at all oxygen levels. This is a result of the broad emission of the dye. In contrast, the
dithienyl dye (6), showed a consistent blue channel intensity with changing oxygen concentration,
and a very responsive red channel. This is ideal for ratiometric oxygen sensing, as one of the
channels should be entirely insensitive to the oxygen level to serve as a reliable standard to account
for the signal heterogeneity, and could be potentially used in multiplexing applications, such as
adding a fluorescence pH sensor. All dyes could be potentially used for biological O sensing with

an RGB camera.



97

A oss

0.45 1 e Change in Blue L]
=) e Change in Green
< 0.35 4 °
£ 025 - .
c
8 015 - o ®
[= o ® ° [ ]
~ 0.05 4 o ° o ®

5 e o e o o °
-0.05

0 50 100 150 200 250 300 350
Time (seconds)

13 4 ® Change in Blue
114° Change in Green
S e Change in Red .
= 09 | ..
z 0.7 A ., o
2 0.5 1 . ® .
% 0.3 R
— 01 i o © ° L]
. L e ‘ ]
-0.1 T T T ]
0 100 200 300 400
C Time (seconds)
1.1 ~
® Change in Blue
__ 09 9 echangeinRed o’
2
< 0.7 A
[ ]
Z 05 - °
2 °
g 03 - .
£ °
0.1 1 o ® o o
041 P ® e ,e00°%e

0 50 100 150 200 250 300 350
Time (seconds)

Figure 3. 8. Fluorescence and Phosphorescence Channel Assessment for Nanoparticles from
Compound 2 (A), 5 (B), and 6 (C).

The MATLAB processed video screenshots are shown in Figure 3.9 for the blue-to-green
dye, BFadbm(I)meta-OCi2Has (2), and the blue-to-red dye BF2dtm(I)O12Hzs (6). The F/P ratios
match the expected values from the calibrations. Compound 6 showed a greater change in ratio
(F/P changes more dynamically with O level) and the O, range surpasses ambient conditions (>21%
[O2]). As a result, nanoparticles with compound 6 were used for biological oxygen sensing in
wounds. Having the greater range of oxygen-sensitivity enables wound hypoxia imaging without
the need for covering the wound from ambient conditions.? Compound 6 also has bright red

phosphorescence, which will be less sensitive to the autofluorescence.**
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Figure 3. 9. Video processing of nanoparticle solutions in a cuvette overtime during nitrogen
purging (top row) and the corresponding ratiometric images processed by MATLAB (bottom row).
3.2.8 Wound Hypoxia Imaging

Wounds are of particular interest for oxygen sensing, as tissue oxygenation is a critical
indicator in wound healing, for example, in burn and diabetes cases.***¢ In previous reports, we
found that by using a dye with full-range sensitivity, it was possible to sense oxygenation in a
wound bed without covering the wound and isolating the material from ambient conditions (air).>*’
This minimizes perturbation of the wound bed, which can sometimes correspond to longer healing
times. To demonstrate the oxygen sensing ability of the newly designed boron dyes in RGB camera
imaging, the best candidate, the dithienyl dye (6), was chosen for monitoring wound healing in a
murine model. The dithienyl dye possesses full range O» sensing capabilities, as well as separated

fluorescence and phosphorescence peaks.
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Figure 3. 10. Oxygen Sensing with BF2dtm(I)OCi2Has. A) Chemical structures and polymers used
in nanoparticle fabrication. B) Fabrication of BF2dtm(I)OCi2H2s oxygen sensing nanoparticles
with PLA or PLA-PEG.

As shown in Figure 3.10, the dithienyl dye (6) was co-precipitated with PLA (M, = 9,700
g/mol) or PLA-PEG (M, = 12,000 g/mol) to form PLA nanoparticles (PLA NPs) and PLA-PEG
nanoparticles (PLA-PEG NPs), respectively. Two dorsal wound beds were treated with PLA NPs
and PLA-PEG NPs. Upon application, the nanoparticles emit the characteristic red luminescence,
indicating strong phosphorescence and the oxygen level is very low (Figure 3.11). The wounds
were then monitored every two days over the time course of seven days, and images were taken
and analyzed. At day 0, luminescence in the red channel from the PLA-NPs was much brighter
compared to the PLA-PEG-NPs luminescence (Figure 3.11; Red Channel Images). This suggests
the phosphorescence, or hypoxia, response from the nanoparticles is much more dramatic in the
PLA-NPs. The PLA-NPs may be readily untaken by cells in the wound bed, triggering the

phosphorescence, whereas the PLA-PEG NPs reside on the surface or outside the cells in the
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media.* However, the ratiometric response is quite similar, showing an expected hypoxia
environment.” Interestingly, the vasculature in the wound bed was more clearly visualized by PLA-

PEG NPs compared to PLA NPs.

Nanoparticle Type
PLA-PEG

Raw
Luminescence

Red Channel

Ratiometric
Image

Figure 3. 11. Oxygen Sensing with BF2dtm(I)OC12H2s PLA and PLA-PEG Nanoparticles (NPs).
NPs were applied to a fresh murine wound (Day 0) and imaged. The “raw luminescence” is wound
+ NPs under UV light illumination. The “red channel” is the raw intensity in the red channel of
the RGB camera showing the hypoxia response; the brighter the image, the greater the
phosphorescence. The ratiometric image is the blue channel intensity divided by the red channel
intensity (Scale bar = 1 mm).

During the week-long time course, fresh NPs were applied. From day 2 on, the ratios
remained low, or varied very little, indicating the oxygen level, or nanoparticle response was not
changing, as shown in Figure 3.12. It is possible that the weak fluorescence of the dithienyl dye
could be responsible for the ratios remaining unchanged throughout the wound healing timecourse,
and the reason the response from the PLA and PEG-PLA nanoparticles appear similar in the

ratiometric images. If the fluorescence from the dye is barely above the background fluorescence,

the blue fluorescence from the dye may be insufficient to give a reliable ratio, as all ratiometric
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values would be near-zero (low blue channel intensity). This is contrary to our test in a cuvette
(Figure 3.9), but it shows the complexity of biological imaging. As the wound bed heals and new
skin develops, the background fluorescence may increase (e. g., tissue autofluorescence).
Ratiometric images were analyzed without background subtraction as well. Both PLA and PLA-
PEG NPs were able to response according to local oxygen level variations within the wound beds
during healing (Figure S3.19), but the O:-level does not appear to change, therefore, more
strategies may need to be undertaken to use dye 6 in ratiometric O:-sensing, such as ratio

optimization though varying the dye loading or dye mixing.*

Day 0 Day 2 Day 4 Day 7
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0

Figure 3. 12. Wound Healing Monitored Over Seven Days with PLA NPs and PLA-PEG NPs.
Images were analyzed in MATLAB with a background subtraction. Scale bar = 1 mm.

For both PLA and PLA-PEG NP treatments, it was also observed that the wound area
decreased by measuring wound size lacking epidermis (Figure S3.20), and the healing process was
not significantly affected. This data suggested that the newly designed dye could serve as non-
invasive oxygen sensing reagent in monitoring wound oxygenation with a cost-effective RGB
camera system, especially at the early stage of wound healing. In the future, dyes with a more

intense blue reference will be explored to increase the imaging time frame of these nanoparticles.
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However, the O-sensing range and phosphorescence color of BFdtm(I)Ci2Hzs shows an
improvement in RGB imaging capabilities.
3.2.9 Conclusion

Advancement in biological oxygen sensing relies on improved design of sensing materials,
instrumentation, and software adapted for compatibility with specific models and medical needs.
This study optimized all these parameters for improved understanding of tissue oxygenation during
wound healing. Synthetic strategies were investigated to optimize BF2bdk dyes for non-invasive
color camera-based ratiometric oxygen imaging. By modifying the chemical structure of six boron
dyes with respect to m-conjugation and alkoxy chains, the optical properties, including emission
alignment with RGB channels, F/P ratio, and oxygen sensitivity, were tuned. Wound imaging
experiments demonstrated the oxygen sensing capability of nanoparticles fabricated from
compound 6 in combination with an RGB color camera system and the computer software. This
simple setup, with a portable imaging camera and user-friendly software, provides a cost-effective
technique to perform ratiometry efficiently and quickly for oxygen sensing, including for future
clinical application. While there are limitations in the weak blue fluorescence of dye 6, facile
synthesis, advances in color, wound clearance and oxygen-sensing range were achieved. Future
efforts will focus on boosting the reference intensity for longer imaging, while maintaining the
good color and oxygen-sensing capabilities.
3.3 Experimental Section
3.3.1 Materials

Solvents CH>Cl, and THF were dried over 3 A molecular sieves activated at 300 °C,
transferred via cannula, and dried a second time over 3 A molecular sieves activated at 300 °C.5°

The solvents were stored in a dry pot under nitrogen until use. The para-alkoxy iodide substituted
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dye (1) and the meta-alkoxy iodine substituted dye (2) were prepared as previously described.!>!”
The ester, 6-iodo-2-methyl naphthoate was prepared as previously described.’! 3,6-Dimethyl-1,4-
dioxane-2,5-dione (D,L-lactide, Sigma Aldrich) was recrystallized twice from ethyl acetate and
stored under nitrogen. Polylactide was prepared as previously described by Xu et al. using ethylene
glycol as an initiator (Mn = 9,700 g/mol).>? The poly(ethylene glycol) (PEG; 2,000 g/mol; Sigma)
was dried via azeotropic distillation in toluene> prior to be used as the initiator for lactide
polymerization to yield poly(ethylene glycol)-poly(lactic acid) block polymer (PLA-PEG; PLA=
10K, PEG = 2K; PDI = 1.05), as previously descibed.® All other chemicals were reagent grade
from Sigma-Aldrich or TCI America and were used without further purification.
3.3.2 Methods

"H NMR spectra (600 MHz) were recorded on a Varian VMRS 600/51 instrument in CDCls
or ds-DMSO. '"H NMR spectra were referenced to the residual signals for protiochloroform (7.26
ppm), protioDMSO (2.50 ppm), and protioacetone (2.09 ppm). In the 'H NMR assignments,
aromatic positions are defined for phenyl (Ar), naphthyl, (Np), and thienyl (Th). Coupling
constants are given in hertz. UV—vis spectra were recorded on a Hewlett-Packard 8452A diode-
array spectrophotometer. The synthesis procedures are shown in Scheme 3.1 and Schemes S3.1-
S3.2. The compound yields, annotated 'H NMR spectra data, and mass spectroscopy results for
new compounds are provided. Nanoparticle size and polydispersity were analyzed by dynamic
light scattering (DLS, Wyatt, DynaPro).
3.3.3 Luminescence Measurements

Steady-state fluorescence emission spectra were recorded on a Horiba Fluorolog-3 Model
FL3-22  spectrofluorometer (double-grating excitation and double-grating emission

monochromator). A 1 ms delay was used when recording the delayed emission spectra. Time-
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correlated single-photon counting (TCSPC) fluorescence lifetime measurements were performed
with a NanoLED-370 (Aex = 369 nm) excitation source and a DataStation Hub as the SPC controller.
Phosphorescence lifetimes were measured with a 1 ms multichannel scalar (MCS) excited with a
flash xenon lamp (Aex = 369 nm; duration <1 ms). Lifetime data were analyzed with DataStation
v2.4 software from Horiba Jobin Yvon. Fluorescence quantum yields (®r) of boron dyes in CH>Cl»
were calculated against anthracene as a standard as previously described, using the following
values: @ (anthracene) = 0.27,28 (EtOH) = 1.360, np*° (CH2Cly) = 1.424. Optically dilute CH>Cl,
solutions of the dyes, with absorbances <0.1 au, were prepared in 1 cm path length quartz cuvettes.
Thin films were prepared on the inner wall of vials by dissolving polymers in CH2Cl> (2 mg/mL)
and evaporating the solvent by slowly rotating the vial under a low stream of nitrogen. The
solution-cast films were then dried in vacuo overnight before measurements. Fluorescence spectra
and lifetimes were obtained under ambient conditions (e.g., air, ~21% oxygen). For
phosphorescence measurements, vials were capped with a 12 mm PTFE/silicone/PTFE seal
(Chromatography Research Supplies) and were continuously purged with analytical grade N»
(Praxair) for five minutes before measurements. For 21% O (i.e. air), measurements were taken
under ambient conditions (open vial, no cap). Oxygen calibration was performed as previously
described with Cole-Palmer flow gauges and mixtures of analytical grade O», N> and 1% O (in N2)
gases (Praxair).'® For nanoparticles, fluorescence and phosphorescence lifetimes were fit to double
exponential decays . Fluorescence lifetimes of dyes in CH2Clz were fit to single exponential decays.
3.3.4 Computation Modeling

The boron initiator was modeled with the Gaussian 09 suite of programs®* using density
functional theory (DFT) with the hybrid functional B3LYP and 6-31+G(d) basis sets to simulate

the B, O, and C atoms. All vibrational frequencies were positive to make sure that the geometries
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are at least a local minimum. Single-point energy calculations were used to generate the molecular
orbital diagrams utilizing B3LYP/6-31+G(d) for B, O, and C atoms. Time-dependent DFT, TD-
B3LYP/6-311+G(d) for B, O, and C atoms, was employed for an estimate of the absorption
spectrum at the optimized ground-state geometry. A Tomasi polarized continuum for
dichloromethane solvent was used in each calculation.>® Molecular orbital diagrams were depicted
using GaussView 5 software.
3.3.5 Synthesis

1-(3-(Dodecyloxy)phenyl)ethan-1-one. The meta-OCi12Hzs ketone was prepared as
previously described!3, but 3-hydroxyacteophene was used in place of 4-hydroxyacetophenone to
yield a white crystalline powder: 1.56 g (35%). 'H NMR (600 MHz, CDCls): § 7.50 (d, J= 12, 1H,
6-Ph-H), 7.46 (s, 1H, 2-Ph-H), 7.34 (t, J = 12, 1G, 5-Ph-H), 7.08 (d, J = 6, 1H, 4-Ph-H), 3.98 (t, J
= 12, 2H, Ar-OCH:CH>CH>CsHisCH3), 2.58 (s, 3H, OC-CHj3), 1.79 (p, J = 6, 2H, Ar-
OCH:CH>CH2CsH16CH3) 1.47 (p, J = 6, 2H, Ar-OCH2CH2CH>CgH16CH3) 1.28 (m, broad, 16H,
Ar-OCH2CH2CH:CsH;6CH3), 0.86 (t, J = 6, 3H, Ar-OCH2CH>CH>CsH16CH3).

1-(4-(Dodecyloxy)-3-methoxyphenyl)ethan-1-one. The para-methoxy-OCi2Hzs ketone was
prepared by a previously described method for the meta-OCi2Has, but 1-(4-hydroxy-3-
methoxyphenyl)ethan-1-one was used in place of 4-hydroxyacetophenone to yield a white
crystalline powder: 1.83 g (24%). H! NMR (600 MHz, CDCls): § 7.54 (d, J = 6, 1H, 6-Ph-H), 7.50
(s,J =6, 1H, 2-Ph-H), 6.86 (d, J = 6, 1H, 5-Ph-H), 4.06 (t, J = 6, 2H, Ar-OCH>CH>CH2CsH16sCH3),
3.90 (s, 3H, Ar-OCHs), 2.54 (s, 3H, Ar-COCH;), 1.81 (p, J = 6, 2H, Ar-OCH>CH>CH>CsH16CH3),
147 (p, J = 6, 2H, Ar-OCH.CH:CH:CsHisCH3) 1.28 (m, broad, 16H, Ar-

OCH>CH>CH»CsHsCH3), 0.86 (t, J = 6, 3H, Ar-OCH>CH>CH>CsH1sCH3).
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Methyl 3-(dodecyloxy)thiophene-2-carboxylate. The C12Hazs thienyl ester was prepared by
a previously described method,?! but methyl 3-hydroxythiophene-2-carboxylate was used in place
of 4-hydroxyacetophenone to yield a white crystalline powder: 1.92 g (30%). '"H NMR (600 MHz,
CDCls): 6 7.38 (d, J = 6, 1H, 5-ThH), 6.89 (d, J = 6, 1H, 5-ThH), 4.11 (t, J] = 6, 2H, Ar-
OCH:CH>CH2CgH16CH3), 3.85 (s, 3H, 2-ThCOOCH3;), 1.81 (p, J = 6, 2H, Ar-
OCH2CH:>CH2CsH16CH3), 1.47 (p, J = 6, 2H, Ar-OCH,CH>CH:CgH1sCH3) 1.28 (m, broad, 16H,
Ar-OCH2CH>CH2CsH6CH3), 0.87 (t, J = 6, 3H, Ar-OCH>CH>CH2CsH16CH3). HRMS (ESI, TOF)
m/z calcd for C1sH3103S: 327.1994 [M + H]"; found 327.1993.

1-(4-(Dodecyloxy)-3-methoxyphenyl)-3-(4-iodophenyl)propane-1,3-dione (L3). The meta-,
para-dialkoxy substituted ligand was prepared by a previously described method,?! but the ketone
1-(3-(dodecyloxy)phenyl)ethan-1-one was used in place of 1-(4-(dodecyloxy)phenyl)ethan-1-one
to yield a faint yellow powder after recrystallization from hexanes/acetone: 1.03 g (58%). 'H NMR
(600 MHz, DMSO): 7.91 (d, ] = 12, 2H, 2, 6-i-Ph-H), 7.89 (d, J = 12, 2H, 3, 5-i-Ph-H), 7.81 (d, J
=6, 1H, 6-0-Ph-H), 7.59 (s, 1H, 2-0-Ph-H), 7.25 (s, 1H, COCHCO), 7.08 (d, J = 6, 1H, 5-0-Ph-
H), 4.04 (t, ] = 6, 2H, Ar-OCH>CH>CH>CsH16CH3), 3.83 (s, 3H, Ar-OCHs), 1.71 (p, J = 6, 2H,
Ar-OCH2CH>CH2CsH16CH3), 1.38 (p, J = 6, 2H, Ar-OCHCH>CH>CsHi6sCH3), 1.21 (m, broad,
16H, Ar-OCH>CH2>CH>CsHsCH3), 0.81 (t, J = 6, 3H, Ar-OCH>CH2CH>CgH16CH3). HRMS (ESI,
TOF) m/z calcd for CosH3s041: 565.1815 [M + H]"; found 565.1816.

1-(3-(Dodecyloxy)phenyl)-3-(6-iodonaphthalen-2-yl)propane-1,3-dione (nbm(I)meta-
OC12Hzs, L4). The ortho-substituted ligand was prepared by a previously described method,?! but
the ketone 1-(3-(dodecyloxy)phenyl)ethan-1-one was used in place of 1-(4-
(dodecyloxy)phenyl)ethan-1-one, and the ester methyl 6-iodo-2-naphthoate®! was used in place of

methyl 4-iodobenzoate to yield a tan powder after recrystallization from hexanes/EtOAc: 522 mg
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(57%). '"H NMR (600 MHz, CDCl3): 8 16.86 (s, 1H, -OH), 8.47 (s, 1H, 1-Np-H), 8.30 (s, 1H, 5-
Np-H), 8.01 (d, J =6, 1H, 8-Np-H), 7.80 (m, 2H, 3-Np-H, 6-Ph-H), 7.69 (d, J = 12, 1H, 7-Np-H),
7.58 (d, J =6, 1H, 4-Ph-H), 7.53 (s, 1H, 2-Ph-H), 7.39 (t, J = 6, 1H, 5-Ph-H), 7.10 (d, J = 6, 1H,
4-Np-H), 6.94 (s, 1H, COCHCO), 4.03 (t, J = 6, 2H, Ar-OCH>CH>CH>CsH16CH3), 1.81 (p, J = 6,
2H, Ar-OCH2CH:>CH2CsH16CH3) 1.47 (p, J = 6, 2H, Ar-OCH>CH>CH>CgH1sCH3) 1.28 (m, broad,
16H, Ar-OCH,CH>CH>CsHsCH3), 0.86 (t, J = 6, 3H, Ar-OCH,CH>CH>CsH16CH3). HRMS (ESI,
TOF) m/z calcd for C31H360s1: 583.1709 [M - H]"; found 583.1715.
1-(4-(Dodecyloxy)-3-methoxyphenyl)-3-(6-iodonaphthalen-2-yl)propane-1,3-dione

(nvm(I)para-OCi2Ha2s, L5). The ortho-substituted ligand was prepared by a previously describe
method,?! but the ketone 1-(4-(dodecyloxy)-3-methoxyphenyl)ethan-1-one, was used in place of

31 was used in

1-(4-(dodecyloxy)phenyl)ethan-1-one, and the ester methyl 6-iodo-2-naphthoate,
place of methyl 4-iodobenzoate to yield a tan powder after recrystallization from hexanes/EtOAc:
90 mg (20%). 'H NMR (600 MHz, CDCl3): 8 17.01 (s, 1H, -OH), 8.46 (s, 1H, 1-Np-H), 8.29 (d,
1H, 5-Np-H), 7.99 (t,J = 6, 1H, 8-Np-H), 7.79 (d, J=12, 2H, 3-Np-H, 6-Ph-H), 7.69 (d, J = 6, 1H,
7-Np-H), 7.64 (d, J = 6, 1H, 4-Np-H), 7.58 (s, 1H, 2-Ph-H), 6.93 (d, J = 12, 1H, 5-Ph-H), 6.90 (s,
1H, COCHCO), 4.09 (t,J = 6, 2H, Ar-OCH:>CH>CH>CsH16CH3), 3.96 (s, 3H, Ar-OCH3), 1.87 (p,
J=6, 2H, Ar-OCH,CH>CH2CsH1sCHz3), 1.47 (p, J = 6, 2H, Ar-OCH2CH>CH>CsH16CH3) 1.28 (m,
broad, 16H, Ar-OCH,CH>CH>CsHsCH3), 0.86 (t, J = 6, 3H, Ar-OCH>CH>CH>CsH16CH3). HRMS
(ESI, TOF) m/z calcd for C3,H33041: 613.1815 [M - H]*; found 613.1821.
1-(3-(Dodecyloxy)thiophen-2-yl)-3-(5-iodothiophen-2-yl)propane-1,3-dione
(dtm(I)OCi2Hzs, L6). The dithienyl ligand was prepared by a previously described method,?! but

the ketone 2-acetyl, 5-iodothiophene, was used in place of 1-(4-(dodecyloxy)phenyl)ethan-1-one,

and the ester, methyl 3-(dodecyloxy)thiophene-2-carboxylate, was used in place of methyl 4-
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iodobenzoate. The crude ligand was passed through a silica column (hexanes/ethyl acetate 3:1)
and obtained as a brown oil: 431 mg (23%). Given the crude ligand darkened and decomposed in
air, it was carried on quickly to the next step without further purification.
Difluoroboron-1-(4-(dodecyloxy)-3-methoxyphenyl)-3-(4-iodophenyl)propane- 1, 3-dione
(BF2vbm(I)para-OCi2Has, 3) The iodo-phenyl C12 dye was prepared as previously described.!?
Briefly, the ligand, L3 (513 mg; 0.9 mmol), was added to an oven-dried 100 mL round bottom

flask. Under an Ny(g) atmosphere, the ligand was dissolved in CH2Cla(anny.) (35 mL) then BF; * OEt

(170 pl; 1.4 mmol) was added. The reaction was stirred overnight then the solvent was removed
via rotary evaporation. The product was purified by recrystallization from hexanes/acetone to yield
a yellow solid: 117 mg (21%). 'H NMR (600 MHz, CDCl3): § 7.90 (d, J = 12, 2H, 2, 6-i-Ph-H),
7.80 (d, J =12, 2H, 3, 5-i-Ph-H), 7.77 (d, J = 6, 1H, 6-0-Ph-H), 7.66 (s, 1H, 2-0-Ph-H), 7.04 (s,
1H, COCHCO), 6.95 (d, J = 6, 1H, 5-0-Ph-H), 4.12 (t, J = 6, 2H, Ar-OCH>CH>CH2CsH16sCH3),
3.96 (s, 3H, Ar-OCH;), 1.88 (p, J = 6, 2H, Ar-OCH>CH>CH2CsH16CH3), 1.46 (p, J = 6, 2H, Ar-
OCH:CH2CH>CgH16CH3), 1.25 (m, broad, 16H, Ar-OCH>CH>CH>CsH6CH3), 0.87 (t, J = 6, 3H,
Ar-OCH,CH,CH>CgHsCH3). HRMS (ESI, TOF) m/z calcd for CogsH37BO4F21: 613.1798 [M + H];
found 613.1802.
Difluoroboron-1-(3-(dodecyloxy)phenyl)-3-(6-iodonaphthalen-2-yl)propane-1,3-dione

(BF2nbm(I)meta-OCi2Has, 4). The iodo-naphthyl C12 dye was prepared as previously described
for 3, but the ligand, L4, was used in place of L3 to yield a yellow powder: 214 mg (78%). 'H
NMR (600 MHz, CDCls): 8 8.71 (s, 1H, 1-Np-H), 8.33 (s, 1H, 5-Np-H), 8.10 (d, J = 6, 1H, 8-Np-
H), 7.86 (m, 2H, 3-Np-H, 6-Ph-H), 7.73 (m, 2H, 7-Np-H, 4-Ph-H), 7.67 (s, 1H, 2-Ph-H), 7.45 (t,]
= 6, 1H, 5-Ph-H), 7.28 (s, 1H, COCHCO), 7.24 (d, J = 6, 4-Np-H), 4.04 (t, ] = 6, 2H, Ar-

OCH>CH2CH2CsH16CH3), 1.82 (p, J = 6, 2H, Ar-OCH2CH>CH2CsH16CH3) 1.47 (p, J = 6, 2H, Ar-
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OCH:CH>CH>CgH16CH3) 1.28 (m, broad, 16H, Ar-OCH>CH>CH2CsHsCH3), 0.87 (t, J = 6, 3H,
Ar-OCH,CH,CH>CgH6sCH3). HRMS (ESI, TOF) m/z calcd for C31H37BOsF2l: 633.1848 [M + H];
found 633.1852.
Difluoroboron-1-(4-(dodecyloxy)-3-methoxyphenyl)-3-(6-iodonaphthalen-2-yl)propane-
1,3-dione (BFanvm(I)para-OCi2Hzs, 5). The iodo-naphthyl C12 dye was prepared as previously
described for 1, but the ligand, L5, was used in place of L1 to yield a yellow powder: 28 mg (35%)).
'"H NMR (600 MHz, DMSO): § 8.99 (s, 1H, 1-Np-H), 8.55 (s, 1H, 5-Np-H), 8.36 (d, I = 6, 1H, 8-
Np-H), 8.15 (d, J=12, 1H, 4-Np-H), 8.08 (d, J = 6, 1H, 3-Np-H), 7.98 (d, ] = 6, 1H, 7-Np-H), 7.93
(g, J =6, 2H, 2-Ph-H, 6-Ph-H), 7.75 (s, 1H, COCHCO), 7.24 (d, J = 6, 1H, 5-Ph-H), 4.14 (t, ] =6,
2H, Ar-OCH:CH>CH.CsHisCH3), 3.90 (s, 3H, Ar-OCHs), 1.74 (t, J = 6, 2H, Ar-
OCH2CH:>CH2CsH16CH3), 1.47 (p, J = 6, 2H, Ar-OCH,CH2CH:CgH1sCH3s) 1.22 (m, broad, 16H,
Ar-OCH2CH2CH2CsH;sCH3), 0.81 (t, J = 6, 3H, Ar-OCH>CH>CH2CsH1sCH3). HRMS (ESI, TOF)
m/z calcd for C32H39BO4F2I: 663.1954 [M + H]'; found 663.1947.
Difluoroboron-1-(3-(dodecyloxy)thiophen-2-yl)-3-(5-iodothiophen-2-yl)propane-1, 3-

dione (BF2dtm(I)OC12Hbzs, 6). The iodo-thienyl C12 dye was prepared as previously described for
1, but the crude ligand, L6, was used in place of L1. The product was purified by column
chromatography (hexanes/ethyl acetate 4:1), followed by recrystallization (ethyl acetate/hexanes)
to yield an orange solid: 250 mg (50%). 'H NMR (600 MHz, CDCl3): & 7.78 (d, J = 6, 1H, 3-
iodoThH), 7.53 (d,J = 6, 1H, 5-C12ThH), 7.36 (d, ] = 6, 1H, 4-iodoThH), 7.20 (s, 1H, COCHCO),
6.88 (d,J = 6, 1H, 4-C12ThH), 4.27 (t, ] = 6, 2H, Ar-OCH>CH>CH>CsH16CH3), 1.74 (t, J = 6, 2H,
Ar-OCH2CH>CH2CgH16CH3), 1.50 (p, J = 6, 2H, Ar-OCH2CH2CH>CsH16CH3) 1.25 (m, broad,
16H, Ar-OCH>CH>CH2CsHsCH3), 0.85 (t, J = 6, 3H, Ar-OCH2CH>CH2CsH16CH3). HRMS (ESI,

TOF) m/z calcd for C23H30BO3F2S21: 594.0742 [M]'; found 594.0751.
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3.3.6 Nanoparticle Imaging

A Grasshopper 3 camera (FLIR) was mounted to a Nikon Eclipse 80i microscope equipped
with a UV excitation filter cube and 4X dry objective. An X-Cite 120 fluorescence illuminator
(Lumen Dynamics) was used for nanoparticle excitation. A 415 nm longpass filter was placed in
the light path immediately before the camera. Nanoparticle suspensions were placed in a cuvette
connecting to a nitrogen tank. As nitrogen started to bubble, videos of nanoparticle fluorescence
and phosphorescence were recorded in a dark room using FlyCap2 software (FLIR) over a time
course of 350 seconds. Data were analyzed by Two-Way Repeated Measures ANOVA with
SigmaPlot 13.0 software. Ratiometric images at time 0, 175, and 350 seconds were generated in
MATLAB as previously described with modifications in code to adjust color scale.
3.3.7 Animal Model

All procedures were performed in accordance with the University of Virginia Institutional
Animal Care and Use Committee (ACUC). Male 9-week-old C57BL/6]J mice (Jackson
Laboratories) were anesthetized by inhalation of 1.5% isoflurane/98.5% medical air mixture.
Dorsa were shaved and depilated before being sterilized with three alternating scrubs of povidone-
iodine and 70% isopropanol. Full-thickness circular cutaneous wounds 4 mm in diameter, were
surgically made on the dorsum of each mouse. An analgesic (buprenorphine, 0.1 mg/kg) was
administered following the surgery and the wounds were covered with a Tegaderm (3M) dressing.
Mice were singly housed with food and water available ad libitum. A heated pad was placed on
the microscope stage to maintain mouse body temperature during imaging. A Canon EOS Rebel
T6 camera equipped with a Canon 100 mm macro lens was used to document open wound sizes.

Wounds were imaged immediately after being made, and then again on days 2, 4, and 7 post-

surgery.
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Tegaderm bandages were removed prior to wound imaging. Exposed wounds were kept
moist with sterile 0.9% saline injection, USP. Imaging was performed on one wound at a time. To
document background emissions, 20 video frames were recorded over 20 seconds on saline-
moistened wounds. Saline was wicked from wounds using sterile cotton-tipped applicators
immediately prior to nanoparticle addition. 40 mL of nanoparticle solution was added to the wound.
After three minutes, 20 video frames of nanoparticle fluorescence and phosphorescence were
captured over 20 seconds. UV excitation was blocked using the shutter during the three-minute
normalization period in between video recordings. Nanoparticles were then flushed from the
wound using 2 ml sterile 0.9% saline injection, USP. Tegaderm bandages were reapplied upon
completion of imaging each day. Wound sizes were measured using ImageJ software to trace the
regions lacking epidermis. ImageJ software was used to measure background-thresholded red
channel emissions in wounds on days 2, 4, and 7, prior to nanoparticle additions on those days, to
quantify nanoparticle adhesion to wound bed tissue. Data were analyzed by Two-Way Repeated
Measures ANOVA in SigmaPlot 13.0 software. Raw images were analyzed in MATLAB to
generate ratiometric oxygen map.
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Chapter 4: Optimization of Fluorescence to Phosphorescence Ratio of

Difluoroboron B-Diketonate Dyes for Wound Oxygen Imaging
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4.1 Introduction

For ratiometric oxygen sensing reagents, the fluorescence to phosphorescence (F/P) ratio
is critical for imaging. Ideally, phosphorescence should be strong enough so that the response to
oxygen variation can be easily detected. For fluorescence, an optimized intensity is desired as it
serves as an internal standard to indicate the sensor concentration. For sensors having blue
fluorescence, it is also essential for generating effective colormetrics, especially in tissue imaging
where the autofluorescence often interferes with the sensor signal. In Chapter 3, a series of new
oxygen sensing dyes were developed for RGB imaging. Among those dyes, the iodide and C12
substituted difluoroboron dithienylmethane (BF2dtm(I)OCi2H»s, referred as BF2dtm), exhibited
excellent RGB alignment and effective imaging in wound beds. The red phosphorescence is
valuable in diminishing light scattering and increasing tissue penetration. The preparation is facile
with few steps. However, low intensity blue fluorescence is limitation, leading to low ratio of F/P
during the imaging process. The ratio of F/P is directly related to sensing ability, and ratiometric
sensors that have larger F/P are able to distinguish oxygen changes more easily and therefore, with
greater resolution and accuracy of imaging results.

In this work, we explore a simple strategy for enhancing signal in the blue channel and
optimizing F/P ratio by introducing an additional blue fluorescent dye, difluoroboron
dibenzoymethane with fluorine and C12 substitution, BF2dbm(F)OCi2H>s (referred as BF2dbm).
As a commonly used carrier for encapsulating imaging agents or drugs, PLA nanoparticles can be
readily taken up by cells.! However, the hydrophobicity of PLA might lead to nanoparticle
aggregates as the wound bed dries out, because imaging with boron dye materials does not require
covering. Though prior BNP studies showed that samples are non-toxic, still, residual material

might be left in the wound beds and be more difficult to wash out between multiple imaging
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sessions.? For certain dye formulations and biomedical uses, this is not desired. To address this
issue, and broaden the range of NPs materials and scope of applications, BNPs with PEG blocks
were also prepared. PEG can potentially stabilize the nanoparticles, prevent cellular uptake, and
may affect wound imaging.’ The two dyes were blended with PLA and PLA-PEG for nanoparticle
fabrication, characterization and wound imaging. Oxygen sensing nanoparticles were applied on a

murine wound model to monitor healing process.
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Figure 4. 1. Nanoparticle Design and Composition. A) Chemical Structures of boron dyes BF2dbm
(reference) and BF2dtm (sensor). B) Chemical structures of polymer PLA and PLA-PEG used in
nanoparticle fabrication. C) Schematic illustration of PLA nanoparticles (PLA NPs) and PLA-PEG
nanoparticles (PLA-PEG NPs).
4.2 Results and Discussion
4.2.1 Optical Properties

In previous reports, optical properties of boron dyes BF2dtm (in Chapter 3) and BF.dbm*
have been studied both in solution (Table 4.1) and in the solid state (Table S4.1). In CH2Cl,, the
BF2dtm dye showed strong absorption at 446 nm (g = 69 600 M-! cm™!). This is important to avoid

sample damage by photobleaching because the dye can be excited by blue light instead of a higher

energy UV excitation source.” When the dye is confined to a PLA matrix, room temperature
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phosphorescence is activated at 585 nm. The oxygen insensitive fluorescence and oxygen sensitive
phosphorescence are well aligned with blue and red camera channels, respectively, making
effective for ratiometric oxygen sensing via RGB imaging. As shown in Table 4.1, however, the
BF>dtm dye has a very low fluorescence quantum yield (®r = 0.05), providing little signal to
indicate the dye concentration. In contrast, difluoroboron dibenzoymethane dyes are known for
their high quantum yields (®r= 0.99) and have been utilized as bright cell labelling reagents in
HeLa and immune cells.!® The aromatic fluorine derivative was chosen in our design because it
has blue-shifted fluorescence compared to the unsubstituted BF2dbm dye, which can potentially
increase the gap between fluorescence and phosphorescence in blue and red channels.
Table 4. 1. Optical Properties of Dyes dtm and dbm in CH2Cl

Sample  Aabs g’ Aem¢ 71pd ¢

(nm) M'em!) (nm) (ns)

BF.dtm/ 446 69600 470 1.01 0.05

BF.dbm$ 400 55000 435 1.77 0.99
“Absorption maxima. ’Extinction coefficients calculated at the absorption maxima. ‘Fluorescence
emission maxima excited at 369 nm. “Fluorescence lifetime excited with a 369 nm light-emitting

diode (LED) monitored at the emission maximum. All fluorescence lifetimes are fitted with single-
exponential decay. “Relative quantum yield, versus anthracene in EtOH as a standard.®

4.2.2 Oxygen Sensing Nanoparticles

The boron dyes were blended with polymers to form nanoparticles in aqueous suspension,
suitable for application in a variety of biological contexts. Dyes and PLA or PLA-PEG were
dissolved in DMF, precipitated into water, followed by dialysis against water to prepare PLA NPs
and PLA-PEG NPs, respectively.” For optimal RGB imaging, it is best if the F and P intensities
are well balanced and readily detectable. First, the fluorescence alone should be bright enough to
be visualized over the background in tissue imaging. Second, the phosphorescence response from
air to nitrogen is related to oxygen sensitivity Ky, . Therefore, the ratio of dyes BF.dbm and

BF2dtm (i.e. relative dye loadings) were optimized before wound imaging. The overall dye loading
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(BF2dbm + BF2dtm) was kept to 2.5% to parallel 25-30 kDa dye-PLA conjugates, for which a

large fluorescence to phosphorescence gap is observed.® Relative masses of 1:9, 1:1, and 9:1

BF>dbm to BF2dtm were screened. As expected, the fluorescence signal increased relative to

phosphorescence as the percentage of BFadbm dye increased. As illustrated in Figure 4.3, when
the ratio of BFodbm to BFadtm is 1:9, the phosphorescence intensity is nearly 9 times the
fluorescence intensity in nitrogen. However, the fluorescence is still too weak as shown in images
taken under UV light (Figure 4.2A). For a ratio of 9:1, the phosphorescence is dimmer than
fluorescence when under nitrogen, which would lead to very low oxygen sensitivity and is not
optimal. When the ratio of BF2dbm to BF2dtm is 1:1, the fluorescence is visually brighter than that
of 1:9 ratio, and the value of phosphorescence relative to fluorescence is 6. This value is in a
comparable range to our previously reported boron dye polymer oxygen sensors.>*!° Based on

these results, NPs with 1:1 BF2dbm to BF2dtm loading was chosen for further characterization and

wound imaging analysis.
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Figure 4. 2. Ratio Screening of Mixed Nanoparticles. A) Images taken under UV excitation (Aex
=369 nm) under air and nitrogen. B) Total emission of mixed nanoparticles under air and nitrogen.
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Nanoparticles were characterized by DLS (Figure 4.3), where the PLA NPs hydrodynamic
radii (Ry) are 57 nm with a polydispersity (PD) of 14%, and PLA-PEG NPs are 25 nm in radii
with PD of 21%. These values are in the typical range for this class of boron dye PLA NPs."!! The
1:1 PLA NPs were calibrated as previously described by purging with different oxygen
percentages and recording the total emission.” As shown in Figure 4.4, the fluorescence intensity
was steady, while the phosphorescence was gradually quenched with increasing oxygen levels
from 0 to 100%. Since room temperature phosphorescence for boron dyes is usually activated
when the dye is confined in a rigid matrix (e.g., PLA), the presence of phosphorescence suggests
that dyes are encapsulated within PLA in the nanoparticles. At each oxygen level, an image of
PLA NPs was captured in a dark room with the UV lamp on, for excitation (Figure 4.4C). The

blue to pink response is clearly observed when the atmosphere changes from 100% O: to nitrogen

(0% O,).
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Figure 4. 3. Dynamic light scattering traces of PLA NPs and PLA-PEG NPs.

To compare the oxygen sensitivity of 1:1 PLA NPs with dtm NPs (i.e. no blue emitting
dbm reference dye), the F/P ratio versus oxygen concentration plots for both kinds of NPs are
shown in Figure 4.4B. As expected, the F/P ratio increased with more signal in fluorescence for
the mixed dye NPs. This is not only important for tracking the oxygen-insensitive fluorescence

reference, but also provides greater resolution and accuracy in imaging as the mixed dye NPs is
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more capable of distinguishing changes in oxygen concentration. The oxygen calibration
experiment suggests that the mixed dye NP material design might lead to improvements over the

single dtm NPs in RGB wound imaging.
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Figure 4. 4. Oxygen Calibration of 1:1 PLA NPs. A) Total emission of nanoparticles under varied
oxygen concentration from 0-100 %. B) F/P ratio of 1:1 PLA NPs and pure dtm NPs, data taken

from ref. CameraOpt. C) Visualization of 1:1 PLA NPs under UV excitation with varied oxygen
concentration.

4.2.3 Wound Imaging

Oxygen level is an essential profile in evaluating wound healing. To demonstrate the
wound oxygen imaging ability of the PEGylated nanoparticles, both PLA NPs and PLA-PEG NPs
(Figure 4.1C) were fabricated and applied to dorsal wound beds. Wounds were monitored and
imaging data were recorded every two days over the course of a week. The ratiometric images
were analyzed in MATLAB. As shown in Figure 4.5, upon application, the nanoparticles emit
mostly phosphorescence, indicative of low oxygen levels in early stage wounds. When the wounds
start to heal, they consume less oxygen and return to normoxic conditions after one week. While

both PLA NPs and PLA-PEG NPs enabled oxygenation maps over the time course, PLA NPs were
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more sensitive to the local oxygen level changes. This is likely because PLA NPs are more readily

adhere to and are taken up by the tissue.

Day 0 Day 2 Day 4

.-

PLA NPs

PLA-PEG NPs

Figure 4. 5. Wound Oxygenation Monitored by PLA-NPs (top row) and PLA-PEG NPs (bottom
row). Scale bar = 1 mm.

In order to compare the oxygen sensing performance of the mixed NP system with our
previous dyes, the wound beds were also treated with single dye BF2dtm PLA and BF>dtm PLA-
PEG nanoparticles, as well as BFonbm(I)PLA NPs. As shown in Figure 4.6, BFanbm(I)PLA
responded to oxygen level changes within the wounds during healing. Single dye BF2dtm NPs
(BF2dtm PLA and BF>dtm PLA-PEG) were unable to offer effective colormetrics over time. The
images were mostly dark and blue, likely due to weak fluorescence of the dtm dye and very low
F/P values. The newly designed two-dye system significantly improved the imaging accuracy with
both an enhanced blue reference signal. The two-dye nanoparticles have F/P ratios that are
comparable to BFanbm(I)PLA (Figure S4.2), but they benefit from more convenient dye synthesis.
In addition, the healing process was tracked by measuring the wound size, which showed the
application of two-dye nanoparticles did not significantly affect or delay the wound closure (Figure
S4.1). These results demonstrated an advancement in material design over chapter 4, where the
mixed nanoparticle system exhibited improved resolution and accuracy as non-invasive oxygen

sensing reagents wound healing evaluation by an RGB camera.
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Figure 4. 6. Wound Oxygenation Monitored by Oxygen Sensing Nanoparticles from
BFonbm(I)PLA, dtm PLA, and dtm PLA-PEG NPs. Scale bar = 1 mm.
4.2.4 Conclusion

Ratiometric oxygen sensing combined with RGB camera imaging provided an effective
way to measure tissue oxygenation. This work demonstrated a simple two dye strategy to generate
materials with an improved fluorescence to phosphorescence ratio by adding an oxygen-insensitive
fluorescence compound BF2dbm as a standard. Boron dyes BF2dbm and BF>dtm were embedded
in PLA and PLA-PEG to form nanoparticle suspensions. A 1:1 ratio of BF2dbm to BF2dtm was
determined to be optimal for oxygen calibration and imaging. Murine wound RGB imaging
suggested that both PLA and PLA-PEG two dye nanoparticles serve as viable oxygen sensing
reagents in monitoring the wound healing process. This work is a further advancement over the

BF2dtm oxygen sensing dye, described in Chapter 4, for RGB ratiometric imaging. The mixed dye
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nanoparticle system is facile and could more precisely control the fluorescence and
phosphorescence intensity compared with single dye nanoparticle, offering a general way to
fabricate ratiometric oxygen sensors in other sensing applications with desired purpose. In the
future, the particle stability will be investigated and optimized as the dyes are non-covalently
linked to the polymer.
4.3 Experimental Section
4.3.1 Materials

The boron dyes BF>dtm(I)OCi2Hzs and BF2dbm(F)OC2H2s were prepared as previously
described.!? Polylactide (PLA) was prepared as previously described by Xu et al. using ethylene
glycol as an initiator (Mn = 9,700 g/mol).!* The poly(ethylene glycol) (PEG; 2,000 g/mol; Sigma)
was dried via azeotropic distillation of toluene!'* prior to use as a macroinitiator for lactide
polymerization to yield a poly(ethylene glycol)-poly(lactic acid) (PLA-PEG) block polymer
(PLA= 10K, PEG = 2K; PDI = 1.05), as previously descibed.!! All other chemicals were purchase
from Sigma Aldrich and were used without further purification unless otherwise stated.
4.3.2 Luminescence Measurements

Steady-state fluorescence emission spectra were recorded on a Horiba Fluorolog-3 Model
FL3-22  spectrofluorometer (double-grating excitation and double-grating emission
monochromator). A 2 ms delay was used when recording the delayed emission spectra. Time-
correlated single-photon counting (TCSPC) fluorescence lifetime measurements were performed
with a NanoLED-370 (Aex = 369 nm) excitation source and a DataStation Hub as the SPC controller.
Phosphorescence lifetimes were measured with a 1 ms multichannel scalar (MCS) excited with a
flash xenon lamp (Aex = 369 nm; duration <1 ms). Lifetime data were analyzed with DataStation

v2.4 software from Horiba Jobin Yvon. Fluorescence quantum yields (®r) of initiator and polymer
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samples in CH2Cl, were calculated against anthracene as a standard as previously described, using
the following values: ® (anthracene) = 0.27,% (EtOH) = 1.360, np*° (CH2Clz) = 1.424, Optically
dilute CH2Clz solutions of the dyes, with absorbances <0.1 au, were prepared in 1 cm path length
quartz cuvettes. Fluorescence spectra and lifetimes were obtained under ambient conditions (e.g.,
air, ~21% oxygen). Phosphorescence measurements were performed under a N> atmosphere.
Vials were continuously purged in the headspace between the solution and the vial cap with
analytical grade N» (Praxair) during measurements with a 12 mm PTFE/silicone/PTFE seal
(Chromatography Research Supplies), connected by a screw cap. For 21% O> (i.e. air),
measurements were taken under ambient conditions (open vial, no cap). Oxygen calibration was
performed as previously described with Cole-Palmer flow gauges with mixtures of analytical grade
02,Nz and 1% O (in N>) gases (Praxair).” Fluorescence and phosphorescence lifetimes were fit to
double exponential decays in nanoparticles. Fluorescence lifetimes in CH>Cl, were fit to single
exponential decays.
4.3.3 Nanoparticle Fabrication

Nanoparticles were fabricated as previously reported.” Materials (BF2dbm, BF2dtm, and
polymers ~3 mg total; 2.5 % w/w dye loading) were dissolved in DMF (3 mL). The mass ratio of
BF>dbm to BF2dtm dyes were 9:1, 1:1, and 1:9, to prepare three PLA nanoparticles in ratio
screening experiment. The dye polymer solution was added dropwise to rapidly stirred DI water
(27 mL). The homogeneous mixture was stirred for 30 min, and the nanoparticle suspensions were
transferred into dialysis tubing (Specra/Pro, 12-14 kDa MWCO, Fisher Scientific) followed by
dialysis against water for 24 h. Nanoparticle size and polydispersity were analyzed by dynamic
light scattering (DLS, Wyatt, DynaPro). Nanoparticles were stored under 4 °C prior to use or

further characterization.
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4.3.4 Animal Preparation

All procedures were performed in accordance with the University of Virginia Institutional
Animal Care and Use Committee. Male 9-week-old C57BL/6J mice (Jackson Laboratories) were
anesthetized by inhalation of 1.5% isoflurane/98.5% medical air mixture. Dorsa were shaved and
depilated before being sterilized with three alternating scrubs of povidone-iodine and 70%
isopropanol. Full-thickness circular cutaneous wounds, which were 4 mm in diameter, were
surgically made on the dorsum of each mouse. An analgesic (buprenorphine, 0.1 mg/kg) was
administered following the surgery and the wounds were covered with a Tegaderm (3M) dressing.
Mice were singly housed with food and water available ad libitum.
4.3.5 Imaging

A Grasshopper 3 camera (FLIR) was mounted to a Nikon Eclipse 80i microscope equipped
with a UV excitation filter cube and 4X dry objective. An X-Cite 120 fluorescence illuminator
(Lumen Dynamics) was used for nanoparticle excitation. A 415 nm longpass filter was placed in
the light path immediately before the camera. A Canon EOS Rebel T6 camera equipped with a
Canon 100 mm macro lens was used to document open wound sizes. A heated pad was placed on
the microscope stage to maintain mouse body temperature during imaging. Wounds were imaged
immediately after being made, and then again on days 2, 4, and 7 post-surgery. Tegaderm bandages
were removed prior to wound imaging. Exposed wounds were kept moist with sterile 0.9% saline
injection, USP. Nanoparticle imaging was performed on one wound at a time. To document
background emissions, 20 video frames were recorded over 20 seconds on saline-moistened
wounds. Saline was wicked from wounds using sterile cotton-tipped applicators immediately prior
to nanoparticle addition. 40 uL of nanoparticle solution was added to the wound. After three

minutes, 20 video frames of nanoparticle fluorescence and phosphorescence were captured over
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20 seconds. UV excitation was blocked using the shutter during the three-minute normalization
period in between video recordings. Nanoparticles were then flushed from the wound using 2 ml
sterile 0.9% saline injection, USP. Tegaderm bandages were reapplied upon completion of imaging
each day. Wound sizes were measured using ImageJ software to trace the regions lacking
epidermis. Image] software was used to measure background-thresholded red channel emissions
in wounds on days 2, 4, and 7, prior to nanoparticle additions on those days, to quantify
nanoparticle adhesion to wound bed tissue. Data were analyzed by Two-Way Repeated Measures
ANOVA in SigmaPlot 13.0 software. Raw images were analyzed in MATLAB to generate
ratiometric oxygen map.
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Chapter 5: Folic Acid Conjugated Difluoroboron 3-Diketonate PLA-

PEG Nanoparticles for Tumor Hypoxia Imaging
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5.1 Introduction

In cancer biology, oxygen is a critical factor in investigating rumor metabolism.'? Hypoxia
occurs in primary solid tumor regions when tumor cells grow beyond the diffusion distance of
oxygen supplied by vasculature. The presence of hypoxia triggers growth factors such as vascular
endothelial growth factor (VEGF) which in turn lead to cancer angiogenesis and tumor
microenvironment region being very chaotic and hetereogeneous. Clinically, tumor hypoxia is
associated with resistance to therapy. In radiotherapy, hypoxic regions (defined as pO: less than
10mmHg) are three times more radioresistant than well-oxygenated areas. Because of chaotic
vasculature, hypoxic regions also exhibit poor drug delivery.>~ As hypoxia remains a major
hinderance in therapeutic outcomes for most cancers, preclinical techniques for quantifying
hypoxia are significant. Understanding tumor oxygenation has great importance to address
preclinical problems. Among oxygen sensing techniques, oxygen imaging based on
phosphorescence quenching provides an effective way to study tumor hypoxia, with temporal and
spatial resolution.®’

Previsouly, our lab has demonstrated that stereocomplex nanoparticles fabricated from
dye-PLLA-PEG and PDLA-PEG exhibited improved aqueous stability and good accumulation in
the tumor tissue.® The nanoparticle design strategy holds several merits. First, PEGylation is
known for increased stability and stealth properties for prolonged circulating. Second, the
formation of stereocomplex nanoparticles yielded smaller particle size, which is beneficial for
uptake. Compared with non-stereocomplexation, it also even has greater aqueous stability. The in
vivo biodistribution study indicated successful delivery of the stereocomplex nanoparticles to
tumors and strong targeting efficiency as passive targeting agents achieved by enhanced

permeation and retention (EPR) effect. Although stereocomplex PEGylated nanoparticles found
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applications in short-term imaging, these materials displayed non-specific binding, modest cell

accumulatio, and slow cellular internalization.!?-!2

To address these issues, active targeting has
been developed providing improved delivery and accumulation in tumor microenvironments, with
spatial specificity.!® Active targeting of drug-loaded nanoparticles has been extensily utilized in
cancer therapeutics. Depending on ligand-receptor interactions, drugs with targeting group can
selectively bind to regions of interest due to higher affinity in diseased tissues than healthy tissues.
It can effeciently increase the quantity of drug delivered to the desired location compared to
passive targeting. Active targeting is usually achieved by surface functionalization with receptors
that could bind to ligands overexpressed on the tumor cells, such as peptides, proteins, nuclei acids,
and aptamers.!*1® A vast number of receptors have been realized and synthesized for in vitro and

in vivo study. For example, RGD peptide binds to avf3 integrin, which are found to present on

glioma cells and tumor microenvironment vasculature.!”

o O, -OH
o d” OH
HN)ijﬁ” o)
HzN)\\N N”
Folic acid (FA)

In this work, we strived to achieve active targeting for multicolor imaging and oxygen
sensing. One advantage of PEGylation is that the end group of PEG can be easily functionalized
to allow modification with targeting groups. We started with a commonly used biomolecule, folic
acid (FA). Folic acid is known to selectively binds to folate receptors that are overexpressed on
many tumor types.'>!8-20 It exhibits greater affinity to cancer cells than healthy cells, and could be
internalized by cells through receptor mediated endocytosis. The stereocomplex nanoparticle

strategy was adapted as shown in Figure 5.1A. Five previously developed fluorophores were
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chosen to design FA conjugated nanoparticles for multicolor probes and oxygen imaging. The
boron dyes with phenolics were coupled with PLLA-PEG to form dye polymer conjugates (P1-
P5), which were coprecipitated with FA conjugated polymers PDLA-PEG-FA to yield
stereocomplex nanoparticles. The functionality of FA conjugation was determined and calibrated
by UV absorbtion. The optical properties of these FA conjugated nanoparticles were studied. To

evaluate the uptake ability, the FA conjugated blue nanoparticles were tested in tumor cells.

A FCF FCF B Fog F
oo | o 8o oo
0 U0 i
0 o/
HO HO OJ\H/ %odny o7,
BF,dbm (1) BF;nvm (2) BF,dbmPLLA-PEG o -
o)
Fo F HO o \FA
' T 9 | o®o
OO\ ) O LA~ PDLA-PEG-FA
-
Ho % ho e N l Nanoprecipitation
~N
BF,gvm (3) BF,dapvm (4)
Fig:F * e Borondye
A ol PLLA/PDLA
— e
0 e PEG
| " e
BF,nbm(l) (5) ™ ¥ FA

Figure 5. 1. FA Nanoparticle Composition and Design. A) Chemical structures of boron dyes. B)
Chemical structures of polymers (using dye 1 as an example) and schematic illustration of folic
acid (FA) conjugated nanoparticles.

5.2 Results and Discussion
5.2.1 Synthesis

Dye-polymer conjugates (P1-P5) were prepared as previously described via Mitsunobu
reaction conditions.® To synthesize full-range oxygen sensing, BFonbm(I)PLLA-PEG (P5), the -
diketones was first generated via commercially available ketone and ester reagents (Scheme 6.1).

The B-diketone coordinates to difluoroboron to form a phenol-functionalized dye, which allowed
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for Mitsunobu post-polymerization modification. The coupling reaction was monitored by color
changes. When DIAD was added, the yellow boron dye solution turned red, possibly due to
deprotonation of the phenol dye. As an ether group was formed during the reaction, the solution
gradually became to yellow again. The reaction was allowed to run for three days for optimal
coupling. The dye precursor was characterized by 'H NMR spectroscopy, and the dye polymer
conjugates was analyzed by GPC, as shown in Figure S5.1-S5.4. The successful coupling of the
boron dye to the PLLA-PEG was confirmed via GPC; the UV absorbance was present and in
accordance with polymer elution verified by the RI trace. The polymers were characterized with
GPC, and the optical properties of P1-PS were studied in CH2Cl, (Table S6.1). Those data were
all in accordance with the literature.®

Scheme 5.1. Synthesis of BFanbm(I)PLLA-PEG.
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To synthesize FA conjugated polymers, solvent-free ring-opening polymerization with
commercially available Boc-NH-PEG-OH as the initiator and p-lactide the monomer was
employed (Scheme 6.2). Boc protection prevents interaction between the active amine group and
lactide. After deprotection, a method reported by Xiong et al.?! was used to crosslink the primary
amine to the carboxylic acid. The coupling reaction involving NHS and DCC created activated
acid intermediates for conjugation with the amine to form amides at physiological pH values.??
The reaction was allowed to run for 24 hours, followed by dialysis against DMSO to remove small
molecules and DI water to remove DMSO. The successful conjugation of folic acid was confirmed
by UV absorption, as characteristic peaks around 289 nm and 364 nm were observed (Figure S5.5).
According to a standard calibration curve, this approach generated 78% functionality of folic acid
in the FA-PEG-PDLA, which is sufficient for targeting and cellular uptake (Figure S5.6). In
summary, the synthesis of folate conjugated polymer and preparation of nanoparticles were
conducted under mild conditions in controllable ways. This is important given surface density of
the targeting group is known to be a significant factor in delivery efficiency.?® Also, the primary
amine end group on NH>-PEG-PDLA allows coupling with many other biomolecules and proteins
for active targeting.

Scheme 5.2. Synthetic pathway of FA-PEG-PDLA
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5.2.2 Nanoparticles

Stereocomplex nanoparticles (NP1-NP5) were fabricated as previously described.® In
briefly, equal mass of PDLA-PEG-FA and dye-PLLA-PEG were dissolved in DMF. Because
PDLA-PEG-FA showed limited soluility in common organic solvents, the mixture was sonicated
to facilitate dissolution and yield a homogeneous solution before adding to water. The molecular
weight of Boc-NH-PEG-OH is 5 kDa, longer than mPEG-OH (2 kDa) used to produce dye-PLLA-
PEG. This is to avoid folic acid crowding with neighboring PEG antenna and to fully expose
targeting groupsa on the nanoparticle surface. Based on a previous report, the stererocomplexation

is expected to offer less nanoparticle aggregation and more stable nanoparticles in aqueous
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environments, especially for long-term circulation. In addition, it offered smaller nanoparticle
sizes, which is also beneficial for stealth properties.® Nanoparticles were characterized by DLS
(Table 6.1). It was observed that for NP1-NPS the hydrodynamic radius was around 50 nm
(ranging from 44 nm to 63 nm), and the polydispersities were low (< 25 %). These are typical
values for particles made from BF;bdkPLA materials and further support the formation of
nanoparticle suspensions.® This mix-and-match strategy for fabricating stereocomplex
nanoparticles can be easily adapted with different boron dye polymer conjugates and bioconjugates
to generate active targeting materials for specific biological purposes.

Table 5. 1. Nanoparticle Characterization Data.

Boron Dye  # Ry PD* s Aem" e ArTP® Trre
(mm) (%) (nm) (nm)  (ns) (nm) (ms)

BF,dbm NP1 63 19 379 425 11.4 518 151
BFnvm NP2 44 20 420 487 31.5 555 95.1
BF>gvm NP3 45 20 415 545 29.8 565 53.0
BF,dapvm NP4 57 23 530 613 6.30 N.AS# N.AS#
BFnbm(I) NP5 50 22 375 468 1.54 567 2.79

“Dynamic light scattering (DLS) of NP1-NP5; hydrodynamic radius (Ry) radii and polydispersity
(PD) determined by DLS. ?Absorption maxima. ‘Fluorescence emission maxima excited at 369
nm, except sample 4 and 5 (Aex = 485 nm). “Fluorescence lifetime excited with a 369 nm light-
emitting diode (LED) monitored at the emission maximum. All fluorescence lifetimes are fitted
with multiexponential decays. “Delayed emission spectra maxima under N at 298 K. Excitation
source: xenon flash lamp. /Pre-exponential weighted RTP lifetime. Excitation source: xenon flash
lamp; RTP lifetime fit to double-exponential decay. éNo phosphorescence was observed.
Because oxygen sensing and imaging requires long-term circulation, it is necessary to
evaluate the nanoparticle stability in biologically relevant buffer over the time course at elevated
temperature (i.e., body temperature). Factors including hydrophobicity of the nanoparticle core,
surface charge of the polymer, and composition and properties (e.g., pH) of the buffer, could all
affect the nanoparticle stability. Two types of cell culture medium, MCF7 and MDA-MB-231,
were used to dilute the nanoparticles. At 37 °C, the radii of nanoparticles were recorded every

three hours during the time course (Figure 5.2). It was found for NP1 and NP2, the nanoparticle

size remained relatively constant over 40 hours, although the size of NP2 increased slightly after
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about one day (i.e., 20 hours). This phenomenon known as swelling is due to an ion gradient
between the nanoparticle matrix and surroundings, leading to ion diffusion and osmosis. Swelling
(increase in size) or deswelling (decrease in size) is commonly observed for polymeric
nanoparticles when they are exposed into aqueous environments. The stability of NP3 was
optimized only in MDA-MB-231 cell culture medium, as aggregation occurred rapidly in the other
medium after several hours, while NP4 showed stable size in MCF cell culture medium over the
time course. For NP5, it remained stable for one day in MCF cell culture medium and two days in
MDA-MB-231 cell culture medium. The differences in stability might due to dye aggregation or
degradation given dye is the only variable among these nanoparticles. Optical measurements
should be involved to fully understand how they interact with the medium in future studies.
Nevertheless, the stability of NP1 and NP5 over the short term is sufficient for a proof of concept

in oxygen sensing and imaging.
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Figure 5. 2. Stability of Nanoparticles. The radius of nanoparticles was monitored by DLS in cell
culture medium, respectively. Red dots: MCF cell culture medium; blue dots: MDA-MB-231 cell
culture medium. The lack of data points is due to aggregation that exceeds the instrument limitation.
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5.2.3 Optical Properties

The optical properties of nanoparticles are listed in Table 6.1. As expected, with increased
n-conjugation and electron-donating groups (-OMe and -N(CH3);) from NP1-NP4, the
fluorescence emission is red-shifted (A = 188 nm). The emission of these four types of
nanoparticles spans the visible range, making them useful in multicolor imaging (Figure 5.3). In
particular, the red fluorescence (Aem = 613 nm) of NP4 can be potentially be used in deeper tissue
imaging to minimize light scattering and for improved tissue penetration of light. In UV absorption,
the characteristic peak of FA was observed, indicating the presence of FA within the nanoparticles
(Figure 5.3). The maximum absorption of NP1-NP3 ranges from 379 nm to 420 nm, can be
effectively excited with a 405 laser in fluorescence imaging. In comparison with previously

reported non-FA conjugated nanoparticles, the absorption and emission are similar, though the

lifetime increased slightly.
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Figure 5. 3. Fluorescence Absorption and Emission of NP1-NP4. Images of folic acid targeted
multicolor nanoparticles under UV excitation (top), and corresponding UV absorption (bottom left)
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with FA peak and aromatics peak outlined, and the total emission spectra (bottom right).
Fluorescence emission maxima were excited at 369 nm except NP4 (Aex = 485 nm).

Room temperature phosphorescence (RTP) was observed for NP1-NP3 when under
nitrogen. With extended conjugation and donating groups, the RTP redshifted. Since room
temperature phosphorescence for boron dyes is usually activated when the dye is confined in a
rigid matrix (e.g., PLA), the presence of phosphorescence further supports that dyes were
encapsulated within polymers in the nanoparticles. However, phosphorescence was not detected
for NP4, which is probably due to twisting and nonradiative decay caused by the presence of the
vinyl group. Nevertheless, the optical properties of FA conjugated nanoparticles NP1-NP4
followed the same trend with the non-FA conjugated nanoparticles, suggesting that FA did not
significantly affect the optical properties of boron dye polymers.

The nanoparticles based on the full range oxygen sensing dye-polymer, NP5, were studied
under varying atmospheres. When in oxygen where the phosphorescence is quenched, the total
emission was mostly blue fluorescence. When in nitrogen and the phosphorescence is no longer
quenched, the nanoparticles exhibited strong yellow emission. Oxygen calibration was conducted
when purging nanoparticles with varying percentages of oxygen (i.e., 0-100 %). As expected,
phosphorescence intensity decreases with increasing oxygen concentration. The oxygen sensing
capability of NP5 was in accordance with non-FA conjugated stereocomplexed nanoparticles

(Figure S5.7), enabling it to serve as ratiometric oxygen sensor for tumor hypoxia.



145

14
12 Increasing [O,]
;3:10 /ﬂ\\”\\ l
.E 8 I/ \\
g 6 / \
g 4 //f\“
) / N
0

400 600
Wavelength (nm)

Figure 5. 4. Oxygen Sensing NP5. Images of nanoparticles under air, oxygen, and nitrogen (left)
and the total emission at varying oxygen levels (right).

5.2.4 Cellular Uptake

To evaluate tumor accumulation and whether these newly prepared nanoparticles will be
localized, NP1 was chosen for preliminary cellular uptake studies. These nanoparticles contain a
blue dye with high quantum yield and bright fluorescence, ideal for labelling cells and tracking
localization. As a control, analogous nanoparticles without FA conjugation were also fabricated,
both of which exhibited intense blue emission (Figure 5.5A). The cellular uptake experiments were
conducted by Ashlyn Rickard in Palmer Lab at Duke University. For boron nanoparticles with and
without FA conjugation, referred as BNP+FA and BNP-FA, respectively, the concentrations and
incubation times were studied in tumor cells. As shown in Figures 5.5, BNP+FA and BNP-FA
were diluted to achieve a series of concentrations (1 mg/mL, 500 pg/mL, 200 pg/mL, 100 pg/mL).
When the concentration is 1 mg/mL, the uptake of BNP-FA was greater than that of BNP+FA.
This is unexpected; maybe FA is not fully exposed on the surface in a concentrated suspension,
resulting in less interaction between FA and the FA receptor. However, in diluted nanoparticles,

the presence of FA significantly improved the uptake, especially when the concentration was 500
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pg/mL. Using 500 pug/mL as an optimal concentration, the incubation time was also screened (0.5,

1,2, 4, 6 hours). It was observed that generally, more cells take up BNP+FA than BNP-FA. When

the incubation time was 4 hours, the uptake of BNP+FA was most effective.
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Figure 5. 5. Cellular Uptake Study. A) Chemical structures of BNP-FA and BNP+FA. B)
Percentage of cells labelled at varying nanoparticle concentration. C) Percentage of cells labelled

at varying incubation times.

5.2.5 Conclusion

Materials prepared in this chapter are designed to further improve delivery and

accumulation in the tumor microenvironment. An active mechanism is targeted by conjugating FA,

a biomolecule that has greater affinity to tumor cells than healthy cells, to PDLA-PEG block

copolymer. The FA decorated polymer was coprecipitated with dye-PLLA-PEG to form

stereocomplexed nanoparticles with greater aqueous stability. Multicolored (NP1-NP4) and
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oxygen sensing NP5 nanoparticles were fabricated, all of which maintained their optical properties
as promising fluorescence probes and oxygen sensors, respectively. The synthetic strategy
provided a decent FA functionality, sufficient for cellular uptake. Preliminary cellular uptake
experiments revealed that the FA conjugation significantly improved the delivery to tumor sites.
Future work will involve developing NP5 as oxygen sensing tools for tumor hypoxia imaging.
This is a novel material strategy developed for active targeting. It can be readily modified with
other active groups and fluorohpores, opening many more possibilities in oxygen sensing
applications using the family of our boron dye-polymer.
5.3 Experimental Section
5.3.1 Materials

Tert-butyloxycarbonyl protected polyethylene glycol (Boc-NH-PEG, Sigma Aldrich, MW
= 5000 Da) was dried over azeotropic distillation in toluene according to a previous protocol.?*
The Boc-NH-PEG was stored under nitrogen prior to use. The lactide monomer (r-lactide and p-
lactide) were generous gifts from Corbion Purac. Lactide was purified by recrystallization twice
from diethyl ether and was dried under vacuo overnight. The polymer, HO-PLLA-PEG (M, =9
300 Da, b = 1.08) difluoroboron P-diketonate dyes, and their corresponding PEG-PLLA
conjugates involved in this study were all prepared as previously described.® All other chemicals
were reagent grade from Sigma Aldrich and were used without further purification.
5.3.2  Methods

"H NMR spectra (600 MHz) were recorded on a Varian VMRS 600/51 instrument in CDCls
or ds-DMSO. '"H NMR spectra were referenced to the residual signals for protiochloroform (7.26
ppm), protioDMSO (2.50 ppm), and protioacetone (2.09 ppm). In the 'H NMR assignments,

aromatic positions are defined for phenyl (Ph) and naphthyl (Np) positions. Coupling constants
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are given in hertz. Number average molecular weights (M), weight average molecular weights
(My) and polydispersity index (P) were determined by gel permeation chromatography (GPC)
(THF, 25 °C, 1.0 mL/min) using multiangle laser light scattering (MALLS; A = 658 nm, 25 °C)
and refractive index (A = 658 nm, 25 °C) detection. A Polymer Laboratories 5 um mixed-C guard
column and two GPC columns along with Wyatt Technology Corp. (Optilab REX interferometric
refractometer, miniDawn TREOS laser photometer) and Agilent Technologies instrumentation
(series 1260 HPLC) and Wyatt Technology software (ASTRA 6.0) were used for analysis. The
incremental refractive index (dn/dc) was determined by a single-injection method assuming 100%
mass recovery from the columns. UV—vis spectra were recorded on a Hewlett-Packard 8452A
diode-array spectrophotometer.
5.3.3 Luminescence Measurements

Steady-state fluorescence emission spectra were recorded on a Horiba Fluorolog-3 Model
FL3-22  spectrofluorometer (double-grating excitation and double-grating emission
monochromator). A 2 ms delay was used when recording the delayed emission spectra. Time-
correlated single-photon counting (TCSPC) fluorescence lifetime measurements were performed
with a NanoLED-370 (Aex = 369 nm) excitation source and a DataStation Hub as the SPC controller.
Phosphorescence lifetimes were measured with a 1 ms multichannel scalar (MCS) excited with a
flash xenon lamp (Aex = 369 nm; duration <1 ms). Lifetime data were analyzed with DataStation
v2.4 software from Horiba Jobin Yvon. Fluorescence quantum yields (®r) of initiator and polymer
samples in CH>Cl, were calculated against anthracene or Rhodamine G6 (Exciton) as a standard
as previously described, using the following values: ®r (anthracene) = 0.27, ®f (Rhodamine G6)
=0.97, np*° (EtOH) = 1.360, np*° (CH,Cl,) = 1.424, Optically dilute CH,Cl, solutions of the dyes,

with absorbances <0.1 au, were prepared in 1 cm path length quartz cuvettes. Fluorescence spectra
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and lifetimes were obtained under ambient conditions (e.g., air, ~21% oxygen). Phosphorescence
measurements were performed under a N> atmosphere. Dilute nanoparticle solutions (absorbance
=~0.1) were purged with N, (Praxair) in a cuvette and sealed with a 12 mm PTFE/silicone/PTFE
seal (Chromatography Research Supplies), connected by a screw cap. Vials were continuously
purged in the headspace between the solution and the vial cap with analytical grade N, (Praxair)
during measurements. For 21% O (i.e. air), measurements were taken under ambient conditions
(open vial, no cap). Fluorescence and phosphorescence lifetimes were fit to double or triple
exponential decays in nanoparticles. Fluorescence lifetimes in CH>Clo were fit to single
exponential decays.
5.3.4 Nanoparticles

Stereocomplex nanoparticles were fabricated as previously described.® In brief, the
oxygen-sensing polymer BFonbm(I)PLLA-PEG (45 mg) and of mPEG-PDLA (45 mg) were
dissolved in DMF (9 mL). The solution was briefly heated with a heat gun to facilitate polymer
dissolution. With a syringe pump, the DMF solution was added to 81 mL of DI water at a constant
rate (ImL/min). The solution was filtered (Whatman filter paper) and DMF was removed by
dialysis (Select/Por; 12-14 kDa molecular weight cutoff) with frequent water changes overnight
(24 h). The nanoparticle solution was filtered (Whatman 200 nm Anotop filter) and characterized
by dynamic light scattering (DLS, Wyatt, DynaPro).
5.3.5 Synthesis

nbm(I)OH. The iodo-substituted, naphthyl-phenyl ligand was prepared as previously
described by Jin et al for 3-hydroxy-1-(4-hydroxyphenyl)-3-phenylprop-2-en-1-one,?® except the
aromatic ester 6-iodo, 2-methylnaphthoate was used in place of methyl benzoate to yield a dark

brown powder: 178 mg (13%). 'H NMR: (600 MHz, Ds-DMSO) 517.38 (s, 1H, enol-OH), 10.47
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(s, broad, 1H, phenol-OH), 8.75 (s, 1H, 1-NpH), 8.48 (s, 1 H, 8-NpH) 8.18 (d, ] = 12, 3-NpH), 8.08
(d,J=12,2H, 2, 6-PhH), 7.98 (d, ] = 12, 1H, 4-NpH) 7.85 (s, broad, 2H, 5, 7-NpH), 7.34 (s, 1H,
COCHCO), 6.90 (d, J =12, 2H, 3, 5-PhH). HRMS (ESI, TOF) m/z calcd for C19H12 O31: 414.9831
[M - H]"; found 414.9825.

BF>nbm(I)OH. The boron dye coupler was prepared as previously described for previously
described couplers, but the ligand, nbm(I)OH, was in place for the B-diketonate ligand to yield a
yellow powder after recrystallization from acetone/hexanes; 45 mg (35%). 'H NMR: (600 MHz,
Ds-DMSO) 611.22 (s, broad, 1H, phenol-OH), 8.99 (s, 1H, 1-NpH), 8.55 (s, 1H, 5-NpH), 8.33 (m,
3H, 2, 6-PhH, 4-NpH), (d, J = 6, 1H, 3-NpH), 7.95 (m, 2H, 7, 8-NpH), 7.87 (s, 1H, COCHCO),
7.00 (d, J=6, 2H, 3, 5-PhH). HRMS (ESI, TOF) m/z calcd for C1oH11BOsF2I: 462.9814 [M - H]";
found 462.9814.

BF>nbm(I)PLLA-PEG. The dye-coupled polymer was prepared as previously described by
Kerr et al,® except the dye, BFanbm(I)OH, was used in placed of BF2dbmOH. A lower MW block
copolymer of mPEG-PLLA-OH (PEG= 2 000 g/mol and PLLA =5 000 g/mol), was also used in
this reaction, prepared as previously described.?’” The product was obtained as a yellow powder;
513 mg (76%). M (GPC/MALS) =7 600 (dn/dc = 0.056), B = 1.05 (‘"H NMR) = 7 300; '"H NMR:
(600 MHz, CDCls) 68.69 (s, 1H, 1-NpH), 8.32 (s, 1H, 5-NpH), 8.17 (d, J = 6, 2H, 2, 6-PhH), 8.09
(d,J=12, 1H, 3-NpH), 7.85 (m, H, 7, 8-NpH), 7.72 (d, J = 12, 1H, 4-NpH), 7.21 (s, 1H, COCHCO),
7.06 (d,J=6,2H, 3, 5-PhH), 5.17 (q,J =6, 66H, PLLA-H), 3.62 (s, broad, 179H, PEG-OCH>CH>-),
3.36 (s, 3H, PEG-OCH5), 1.55 (m, broad, 217H, PLLA-CHj3).

NH>-PEG-PDLA. The polymer was synthesized as previously described,?® but p-lactide
was used as monomer in place of p, L-lactide, and Boc-NH-PEG-OH (MW = 5,000) was used as

initiator in place of boron dye to yield a white fibrous solid: 250 mg (78% yield, corrected for 44%
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conversion). M, (GPC/MALS) = 9 800 Da, PDI = 1.42. '"H NMR: (600 MHz, CDCls) & 5.15 (g, J
=6, 150H, PDLA-CH), 3.63 (s, broad, 454H, PEG-OC,H4+-0), 1.56 (m, broad, 509H, PDLA-CH3,
Boc-CHs). To deprotect Boc group, the above polymer (155 mg) was dissolved in a TFA/DCM
mixture (1:1 v/v) and stirred at room temperature for 2 h.?° The solvent was rotary evaporated, and
the crude polymer the product was dissolved in a minimal amount of DCM and then precipitated
into diethyl ether. The amino-terminated NH>-PEG-PDLA was collected by centrifuge and dried
under vacuo to yield a white powder: 100 mg (65% yield). M, (GPC/MALS) =9 000 Da, PDI =
1.49.

FA-PEG-PDLA. Folate conjugated polymer was synthesized by a previously reported
method.*® Folic acid (0.45 mmol), NHS (1.4 mmol), and DCC (0.45 mmol) were dissolved in
DMSO in a round-bottom flask to yield a yellow homogenous solution. The carboxyl group of
folic acid was activated in the dark at room temperature for 6 h, followed by filtering the byproduct
1,3-dicyclohexylurea (DCU). In another round-bottom flask, NH>-PEG-PDLA (100 mg) and TEA
(10 pL) were dissolved in DMSO (4 mL), and was treated with the filtered solution (6 mL). The
reaction mixture was allowed to proceed in the dark at room temperature for 24 hours. The product
was dialyzed against DMSO (pre-treated RC tubing, MWCO: 3.5 kDa) for 48 hours to remove
small molecules that are uncoupled in the reaction, and against DI water (dialysis tubing, MWCO:
12-14 kDa) to remove DMSO for another 48 hours. A yellow powder was obtained by freeze-
drying overnight: 168 mg (46%). The polymer was further characterized by UV to confirm the FA
functionality.
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Chapter 6: Difluoroboron B-Diketonate Polylactic Acid Nanoparticles as

Intracellular Oxygen Sensors for Brain Imaging
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6.1 Introduction

In neuroscience, Oz regulates structural and functional integrity of the brain. Though brain
is only 2% of the body’s mass, it consumes nearly 20% of O: by the resting body.! Neuronal
computation is energetically expensive which requires an adequate supply of ATP or O, for
neuronal activities from maintaining electrochemical gradients to releasing and recycling synaptic
vesicles.?? Failure of the oxidative metabolism is proposed to occur in many neurological disorders.
Hypoxia-ischemia is a major cause of brain injury in humans including conditions such as hypoxic-
ischemic encephalopathy?®, stroke®®, seizures>’8, periventricular leukomalacia®, and even
Alzheimer’s disease!®!!. Epilepsy is a common neuronal disease afflicting 1 in 26 Americans.
Seizures are known to cause permanent brain damage. A leading hypothesis for brain damage due
to seizures is that the metabolic demand imposed by repetitive firing of neurons exceeds the
oxygen supply to the tissue rendering relative hypoxia.

Understanding hypoxia and brain oxygenation has significant importance to provide
information on clinic treatment and early diagnosis. Oxygen sensing offers new fundamental
insight into brain function. In particular, phosphorescence quenching is able to generate an
oxygenation map with good spatial and temporal resolution. Efforts have been made during the

12-14 For

past decades in applying phosphorescence probes as oxygen sensor in neuroscience.
example, Ingram et al. developed platinum (II) octaethylporphine ketone (PtOEPK) and
nanocystal quantum dot (NQD) blends to measure interstitial oxygen concentration of active brain
slices through fluorescence resonance energy transfer (FRET).!> The Papkovsky group designed
cell-permeable probes based on the phosphorescent Pt(II)-tetrakis(pentafluorophenyl)porphyrin
(PtPFPP) dye and a fluorescent poly(9,9-diheptylfluorene-alt-9,9-di-p-tolyl-9H-fluorene

standard.'® These methods rely on blending a phosphorescence probe, a fluorescence standard, and
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a polymer matrix all together, rendering the final material quite complex. In addition, currently
reported sensors that are able to measure intracellular oxygen level in living brain slices are rare.
Due to the presence of the blood-brain barrier (BBB) that regulates and limits the exchange of
certain type of chemicals between the bloodstream and the central nervous system, the delivery of
imaging/therapeutic agents into the brain non-invasively is also challenging in vivo.!’

Boron dye polymer nanoparticles were ultilized as oxygen nanosensors for brain imaging.
Preliminary unpublished data from Haglund, Hochman, and Palmer at Duke University revealed
that the oxygen level mapped by boron nanoparticles correlated with electroencephalogram (EEG)
brain activity in a primate model when seizures were induced. This suggests many possibilities for
follow up studies of brain activity. Dye-PLA nanoparticles are likely to respond to intraneuronal
oxygen variation given in prior cell studies, they showed perinuclear localization.!'®! Also,
sterocomplex PEGylated nanoparticles with active targeting groups might provide a non-invasive
approach for in vivo brain oxygen sensing without physical damage to the brain tissue. For example,
transferrin receptors are expressed in the luminal membrane of BBB capillary endothelial cells.
Transferrin conjugated nanoparticles made from PEG-PLA block copolymers were shown to
across the BBB via receptor-mediated transport (RMP) and to efficiently deliver therapeutic
agents.?’ In this chapter, we first established the labeling and sensing method by employing blue-
fluorescent nanoparticles and oxygen sensing nanoparticles (shown in Figure 6.1) to study synaptic
activity. The optical properties and stability were evaluated in the relevant biological environment.
The primary neuronal cultures were used to study cellular uptake, and the brain slices were used

to study oxygen ability of nanoparticles ex vivo.
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Figure 6. 1. Nanoparticle Composition and Fabrication. A) Chemical structures of BF.dbmPLA
and BF2dbm(I)PLA. B) Nanoparticle fabricated by the nanoprecipitation method.
6.2 Results and Discussion
6.2.1 Nanoparticles

The boron dye polymers were synthesized as previously described.?! In general, boron dyes
with primary alcohol, served as initiator, was dissolved in melted lactide. The polymers were
grown with the presence of tin catalyst via ring opening polymerization. The crude polymers were
purified by dissolving with a minimal amount of CH2Cly, followed by addition into cold methanol
to remove small organic dyes and lactide. The polymers were characterized by NMR and GPC.
The nanoparticles were fabricated by a method known as nanoprecipitation, which involves
interfacial deposition due to displacement of solvent (i.e., DMF) with non-solvent (i.e., DI water).
Nanoparticle characteristics have been extensively studied in the previous reports, as listed in
Table 6.1. Blue nanoparticles BF2dbmPLA (blue NPs) were chosen for labelling primary neuronal
cells because their high quantum yield and bright fluorescence, easily to be detected and ideal for

tracking cell.!® Oxygen sensing nanoparticles BF2dbmPLA (O» NPs) were to generate ratiometric
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oxygenation where the fluorescence (Ar = 450 nm) acts as an internal standard and the oxygen
sensitive phosphorescence (Ar = 535 nm) is the sensor. The maximum UV excitation for both
nanoparticles (blue NPs: Aex = 396 nm; Oz NPs: Aex = 405 nm) are compatible with a 405 nm laser
excitation.

Table 6. 1. Nanoparticles Characteristics
Optical Properties Physical Properties

Nanoparticles YV VL TS T R/ PD/ <
(nm) (nm) (mm) (ns) (ms) (nm) (%)  (mV)
BF.dbmPLA 396 439 509 3.84 200 52 15 -28
BF.dbm(I)PLA 405 450 535 0.54 437 71 24 -24
“Estimated extinction coefficient for aqueous nanoparticle suspension (~ 50 pg/mL). *Determined
by dynamic light scattering, nanoparticles are 200 pg/mL in water. PD = polydispersity.
‘Fluorescence emission maximum for aqueous nanoparticle suspension.

The physical properties, including radius and zeta potential, were measured by DLS and
ZetaSizer. It is believed that size and surface charge are critical factors affecting interaction
between nanomaterials and biological components, consequently the efficiency of localization into
cells and tissue. As listed in Table 6.1, the hydrodynamic radius for blue NPs was 52 nm with
polydispersity of 15 %, and for O NPs was 71 nm with polydispersity of 24 %, both of which are
typical values for the family of BF2bdkPLA and are in consistent with previous results.!®2?? The
data suggested the polymers successfully self-assembly into nanoparticles. In addition,
nanoparticles with radius ranging from 20 - 200 nm can be readily internalized via endocytosis;
and they are large enough for renal clearance and small enough for clearance from spleen. Based
on zeta potential, blue NPs and O> NPs were negatively charged, in accordance with commonly
developed PLA nanoparticles. Early report from Dante et al. revealed that NPs with negative
charge rapidly localize on neuronal membrane, while those with positive or neutral charge showed

no or slow interaction with neurons.?*> With size and zeta potential suitable for endocytosis, we
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hypothesized that the boron dye polymer NPs are able to internalized by neurons and exhibit

response to intracellular oxygen variations.
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Figure 6. 2. DLS Traces for NPs.

6.2.2  Cellular Uptake

To confirm the intracellular uptake, the stability (i.e., no aggregation) of NPs was firstly
evaluated in regular neuronal medium at elevated temperature (i.e., 37 °C) over time as
nanoparticles fabricated from pure hydrophobic polyesters is prone to precipitate out from aqueous
solution. The NPs were diluted with neuronal medium at a final concentration of 500 pug/mL,
monitored by DLS every 30 mins over six hours, a period of time sufficient for incubation and
imaging. It was observed that the NPs could maintain their size without no aggregation occurred
(Figure 6.2). The blue NPs suspended in neuronal medium were then used to label primary
neuronal cultures. The cultures were 14 DIV at the time of experiment, with well-formed neuronal
structures including synapses. The mitochondria were labelled with MitoTracker Red FM, the
maxima fluorescence of which (Ar = 644 nm) is far away from the blue NPs emission. With
confocal microscopy, we found that blue NPs showed non-specific interactions with living cells

(e.g., neurons and glia cells), as well as debris from the cultures. However, neuronal cell bodies
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(i.e., perinuclear region of cytoplasm), dendrites and synapses can be easily visualized with the
bright blue fluorescence, which is supported by colocalization with MitoTracker Red FM because
the blue and red emissions were perfectly matched as shown in Figure 6.3. By specifically binding
to mitochondria membrane, the MitoTracker targets mitochondria where the oxygen is consumed
to generate ATP and energy for a variety of neuronal activities. It is critical to ensure that the NPs
have the same internalization pathway with MitoTracker Red FM, which would allow effective

intracellular oxygenation detected from the oxygen sensing NPs.

Blue NPs MitoTracker Red FM Merged Channel

Figure 6. 3. Neuronal Imaging under Confocal Microscopy. The images showed labelling from
blue NPs (left) and MitoTracker Red (middle), and merged channel from blue and red (right).
Excitation wavelength is 405 and 595 nm.
6.2.3 Slice Imaging

Dual-emissive O» sensing NPs possess oxygen-insensitive fluorescence and room
temperature oxygen-sensitive phosphorescence. As oxygen concentration increases, the
phosphorescence intensity decreases, whereas the fluorescence remains unchanging (Figure S6.1),
serving as promising reagents for ratiometric oxygen sensing. At a range of 0-21 % O2, the O NPs
has a liner relationship between the ratio fluorescence to phosphorescence (F/P) and oxygen

concentration. After intracellular uptake of NPs was confirmed, the capability of O, NPs was

demonstrated using living brain slice. The brain slices were incubated with solution containing
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500 pg/mL Oz NPs, during which the 95% O was supplied. The granular cell layers in
hippocampus were imaged because the neuronal circuits activated during seizures spreads from
hippocampus, in particular, the dentate granule cells (DGC) which regulate the flow of signal
within neuronal network. It is thus of interest and importance to investigate how oxygen level
varies in DGC layer. During imaging, the brain slice was sealed in a closed chamber with
circulation solution containing 95% O,. A shown in Figure 6.3A, the DGC layer is clearly
visualized in brightfield, and the emission captured from fluorescence was indicative the slice
stained by nanoparticles. It was observed that DGC layer has brighter fluorescence, which due to
a great number of cells are tightly packed here and more nanoparticles get loaded.
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Figure 6. 4. Brain Slice Imaging with O, NPs. A) Brightfield, fluorescence and phosphorescence
emission of hippocampus DGC layer. B) Ratiometric imaging when the oxygen supply is off over
time.

Low [O,]

The fluorescence and phosphorescence were analyzed to generate ratiometric images with
F/P ratio correlates with oxygen levels. While the brain slice is supplied with oxygen, it was found

that subtle contrast between dendrites and cell bodies where oxygen level is less in dendrites than
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that in cell bodies of granule layers. To show how the NPs respond to oxygen changes in tissue,
the oxygen supply was switched off and imaging was taken every 5 min. The F/P ratio decreased
generally over time, and the contrast between dendrites and cell bodies is pronounced. Oxygen is
consumed by mitochondria in neuronal cell bodies, at dendrites and at synapses. At dendrites
where synapses are located there are many neuronal activities taking place, therefore mitochondria
are more concentrated than that in cell bodies, which consumes more oxygen and consumes

quickly, leading to lower oxygen level.

Low [O,]

Figure 6. 5. Ratiomeric Images under Low K" (A) and High K* Concentration (B). The red-yellow
triangle regions in the left corner represents more oxygenated DGC layer, and blue region in the
middle is less-oxygenated dendrites.

To further support the statement that oxygen is expensively consumed due to synaptic
activity, the potassium concentration in perfusion solution was increased from 2 mM to 5 mM.
Potassium regulates neuronal activity, and elevated extracellular K* concentration is known to
affect synaptic potentials and increase neuronal activities. We performed slice oxygen imaging
under different potassium concentration and found when potassium concentration was increased,
the regions away from molecular layer are more hypoxia as suggested by the F/P ratio in the
ratiometric oxygen imaging shown in Figure 6.4. The results from brain slice imaging

demonstrated the effectiveness of oxygen sensing nanoparticles, being able to study brain activity

by measuring intracellular oxygen levels.
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6.2.4 Conclusion

Oxygen nanosensors based on phosphorescence quenching can provide information in the
brain with improved micron level spatial and sub-seconds temporal resolution. In this work, the
boron nanoparticles were used to study brain activity. Particularly, primary neuronal cell cultures
were labelled by blue nanoparticles from BF.dbmPLA to confirm intracellular uptake.
Electrophysiology experiments revealed that the application of nanoparticles did not have
significant effect on electrophysiological properties of neurons. Oxygen sensing nanoparticles
from BF2dbm(I)PLA was able to generate ratiometric oxygenation for brain slices. In ex vivo brain
slice, it was found that the neuronal cell bodies consume less oxygen than dendrites and synapses
where mitochondria are more concentrated. The data was in accordance with the knowledge that
oxygen is expensively consumed in synaptic activity, suggesting the capability of boron
nanoparticles to serve as powerful and non-invasive sensing agents in the brain. Future work will
involve the oxygen imaging in the living animal, and in combination with seizures induced via a
cobalt model to study how oxygen levels are related to seizures.
6.3 Experimental Section
6.3.1 Polymer Synthesis and Characterization

The boron dye-polymer was prepared according to a previously reported method.?! 'H
NMR spectra were recorded on a Varian VMRS/600 (600 MHz) instrument in CDCl; unless
otherwise indicated. '"H NMR resonance was referenced to the residual protiochloroform signal at
7.260 ppm. Coupling constants are given in hertz. Polymer molecular weights (MW) and
polydispersity indices (D) were determined by gel permeation chromatography (GPC) (THF,
25 °C, 1.0 mL / min) using multi-angle laser light scattering (MALLS) (A = 658 nm, 25 °C) and

refractive index (RI) (A = 658 nm, 25 °C) detection. Polymer Laboratories 5 pm mixed-C columns
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(guard column plus two columns) along with Wyatt Technology (Optilab T-rEX interferometric
refractometer, miniDAWN TREOS multi-angle static light scattering (MALS) detector, ASTRA
6.0 software) and Agilent Technologies instrumentation (series 1260 HPLC with diode array
(DAD) detector, ChemStation) were used in GPC analysis. The incremental refractive index (dn/dc)
was calculated by a single-injection method assuming 100% mass recovery from the columns. UV-
vis spectra were recorded on a Hewlett-Packard 8452A diode-array spectrophotometer.
6.3.2 Luminescence Measurements

Steady-state fluorescence spectra for the nanoparticle suspensions were recorded on a
Horiba Fluorolog-3 Model FL3-22 spectrofluorometer (double-grating excitation and double-
grating emission monochromator) after excitation. Optically dilute aqueous solutions of the
nanoparticles, with absorbance <0.1 au, were prepared in 1 cm path length quartz cuvettes.
Fluorescence spectra were obtained under ambient conditions (i.e., air, ~21% oxygen in volume).
For phosphorescence measurements, vials were capped with a 12 mm PTFE/silicone/PTFE seal
(Chromatography Research Supplies) and were continuously purged with analytical grade N»
(Praxair) for five minutes before measurements. For 21% O (i.e. air), measurements were taken
under ambient conditions (open vial, no cap). Oxygen calibration was performed as previously
described with Cole-Palmer flow gauges with mixtures of analytical grade Oz, N2> and 1% O: (in
N>) gases (Praxair).??
6.3.3 Nanoparticle Fabrication

Nanoparticles were fabricated as previously reported.!” The polymer (~3.0 mg) was
dissolved in DMF (3 mL) and was added dropwise to rapidly stirred DI water (27 mL). The
homogeneous mixture was stirred for 30 min, and the nanoparticle suspensions were transferred

into dialysis tubing (Specra/Pro, 12-14 kDa MWCO, Fisher Scientific) followed by dialysis against
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DI water for 24 hours. Nanoparticle size and polydispersity were analyzed by dynamic light
scattering (DLS, Wyatt, DynaPro). Zeta potentials were determined by Zetasizer Nano Z (Malvern
instruments, UK) and data were analyzed using DTS Nano software.
6.3.4 Nanoparticle Fabrication

The stock suspensions of nanoparticles (1 mg/mL) were diluted (500 pg/mL) with neuronal
regular medium (for cell labelling) and glucose (for slice labelling), respectively. Each sample
(100 pL) was injected into a 96-well microtiter plate. Mineral oil was added on the top of each
well via syringe to form a thin layer to prevent evaporation. The plate was put into the DLS
instrument, protected from light, set to 37 °C and the sizes and polydispersities of the nanoparticles
were recorded over the course of two hours.
6.3.5 Primary Neuronal Culture

Animals were treated according to a protocol approved by the University of Virginia
Animal Care and Use Committee (ACUC), and efforts were made to minimize animal stress and
discomfort. Cultures were prepared from postnatal day O to postnatal day 1 (PO —P1) C57BL/65
mice using methods described previously.?* The newborn pups were decapitated, and their brains
removed and placed in cold HEPES-buffered Hanks’ balanced salt solution (HEPES-HBSS). The
hippocampi were removed under a dissecting microscope and collected in a small petri dish
containing HEPES-HBSS. The hippocampi were transferred to 0.125 % trypsin HEPES-HBSS
and were incubated for 15 min at 37°C. Trypsin solution was centrifuged for 7 min at 700 rpm,
and the supernatant was replaced with 5 ml HEPES-HBSS. The cells were rinsed with warm
surgical medium by centrifuging for 7 min at 700 rpm and discarding the supernatant. Hippocampi
were triturated until no fragments of tissue remained. Cell density was determined by trypan blue

exclusion. Culture dishes were coated with poly-lysine and filled with 2 ml of surgical medium,
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which was prepared from Dulbecco’s modified Eagles medium (DMEM) and F-12 supplement
(1:1) (Invitrogen) with 10% fetal bovine serum (heat inactivated, Invitrogen), 2 mM L-glutamine
(Invitrogen), and penicillin-streptomycin (100 U/ml). Cells were plated at a density of 50,000 per
35 mm? dish and kept in a 5% CO; incubator at 37 °C. After 24 h, the surgical medium was changed
to serum-free neuronal regular medium containing DMEM and neurobasal (2.28:1) with 2% B27
and 2 mM glutamine. The medium was replaced with fresh regular medium every two days.
6.3.6 Cell Labelling

Primary neurons were 14 days in vitro (DIV) at the time of imaging for best observation
of synapses. Blue NPs were diluted in regular medium to yield a final concentration of 500 pg/mL.
Cells were incubated in the above solution at 37 °C in a 5% CO incubator for one hour. After
staining, the cells were washed twice with HEPES-ACSF (pH 7.4, osmolarity 314-316 mOsm)
containing (in mM) 147 NacCl, 2.6 KCI, 2 CaCl, 3 MgCl, 10 glucose, 10 HEPES and were kept
in such medium during imaging. To label mitochondria, cells were incubated with regular medium
containing MitoTracker™ Red FM (250 nM) for an additional 30 minutes before washing with
HEPES-ACSF.
6.3.7 Brain Slice

Acutely isolated brain slices were prepared as previously described.?® The animals were
sacrificed under anesthesia and the brains were removed and immersed immediately in ice-cold
(4 °C) oxygenated (95 % Oz, 5 % CO») sucrose-ACSF (pH 7.4, osmolarity 300-310 mOsm)
containing (in mM) 56.5 NacCl, 2 KCI, 5 MgSQOs4, 25 NaHCO3, 1 KH>PO4, 0.5 CaCl,, 10 glucose,
113 sucrose. Coronal hippocampal slices (200um) were prepared with a vibratome (VT1200S;
Leica, Wetzlar, Germany) and were incubated in oxygenated sucrose-ACSF at 34 °C for 30 min

prior to labelling or recording. To minimize NP aggregation, O2 sensing NPs were suspended in 3
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M glucose with NP final concentration at 500 png/mL. Slices were labelled by incubating in the
oxygenated NP glucose solution for two hours. Slices were washed and kept in oxygenated
sucrose-ACSF prior to imaging.
6.3.8 Imaging

Imaging was performed using a Zeiss 780 confocal/multiphoton microscope system with
Zeiss Zen software for image acquisition (Carl Zeiss, Oberkochen, Germany). For imaging
cultured neurons, excitation wavelength used to visualize blue NPs and MitoTracker™ Red FM
were 405 nm and 595 nm, respectively. Emission filter ranged from 410 nm to 500 nm for blue,
and 600 nm to 700 nm for red. In regions of interest, 40x or higher magnification was used. For
imaging live slices, the brain slices were anchored in a closed bath chamber and perfused with
oxygenated sucrose-ACSF. Laser 405 nm was used as excitation source, and emission ranged from
410 nm to 500 nm to capture fluorescence and 500 nm to 650 nm to capture phosphorescence. For
high K* measurement, K* concentration was increased from 2 mM to 5 mM in the perfusion
solution (56.5 NaCl, 5 KCl, 5 MgS0s4, 25 NaHCOs3, 1 KH2PO4, 0.5 CaCly, 10 glucose, 107 sucrose).
Ratiometric data was produced in MATLAB.
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7.1 Introduction

The research during the past five years has successfully extended the applications of boron
dye polymers as oxygen sensing and imaging reagents. The work and achievements discussed in
the previous chapters demonstrated the possibility and potential of boron dye materials to be used
as oxygen sensors alternatives to commercially available phosphors. Further improvements
include optimizing nanoparticles for long-term imaging and developing active targeting strategies
for multiple biological models. Moreover, in vivo oxygen sensing must be optimized for use in
clinical fields. This chapter will discuss important future directions.
7.2 Future Directions
7.2.1 Long-term Imaging

Long-term imaging is essential for tracking cell behaviors. Our optimization of blue
nanoparticles for labelling primary immune cells worked for a short period of time (24 hours), but
long-term imaging was not yet successful. Even though the blue snanoparticles have very high
quantum yields (~ 99 %) and those with specific polymer composition (i.e., PCL-PLLA) are stable
(e.g., radius and fluorescence intensity) in biological relevant media for days, the fluorescence
intensity drops to nearly baseline after 24 hours once they are taken up by cells. This may be due
to faster degradation by esterases in the endosomes. To circumvent this issue, further polymer
engineering such as succinimidyl ester functionalization is needed. As a good leaving group, the
succinimidyl group activates carboxylic acids and for amide formation with amine nucleophiles,
especially lysine residues, and other amino acids and intracellular molecules.! Formation of this
covalent bond between dyes and intracellular components may make it possible for dyes to be

retained in the cells for a relatively long time.
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The boron dye can be adapted with an N-hydroxysuccinimide (NHS) group via a synthetic
routine illustrated in Scheme S7.1. Nanoparticles fabricated from NHS functionalized polymers
may be evaluated in in vitro and in vivo imaging. This could also potentially improve long term
tracking for tumor cells and hypoxia imaging.”

7.2.2  Active Targeting

Although we synthesized folic acid conjugated nanoparticles, our active targeting efforts
are still in the early stages. The chemistry for developing folic acid targeting is fairly simple,
however, the binding between the ligand and targets is not strong enough, which limits the
application in therapeutics and diagnosis. There are types of macromolecular ligands, including
proteins, antibodies, and aptamers. Many of these show high affinity and strong binding, and some
are already in clinical trials. New nanoparticles with high affinity ligands must be prepared to
improve spatial specificity of targeting in tumor microenvironments.

Possible next steps include bioconjugation of boron dye polymers with single chain VEGF
(scVEGF) and antiHER?2 affibody for oxygen quantification.’* In breast cancer, scVEGF targets
VEGF receptors overexpressed on tumor endothelial cells, which is related to angiogenesis and
vascular permeability. With scVEGF targets, it is possible to spatially measure vascular oxygen
levels in tumors. The antiHER?2 affibody binds to HER2 receptor, which is also present in breast
cancer cells and is known to regulate cell proliferation and oxygen consumption. Both scVEGF

and antiHER?2 affibody can be coupled to maleimide functionalized PEG-PDLA (MA-PEG-PLA)
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via cysteine thiol bonding (Figure 7.1).> Oxygen sensing nanoconjugates with these active
targeting groups can be incorporated into stereocomplex formation where target-MA-PEG-PDLA

and dye-PLLA-PEG may be coprecipitated into nanoparticles.
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Figure 7. 1. Active Bioconjugates Composition. A) Polymerization of MA-PEG-PDLA and NMR
characterization showing MAL peak. B) Formation of cysteine thiols. C) Chemical structure of
dye-PEG-PLLA.
7.2.3  In Vivo Wound Oxygen Imaging
In the development and optimization of oxygen sensing nanoparticles for wound imaging,
we were able to monitor wound healing using a full range dye (0 — 100 % O), which has significant
phosphorescence intensity even under air. The strong phosphorescence makes it possible to
generate oxygen maps without covering the wound beds. However, nanoparticles tend to be
retained within wound tissue after multiple applications, which, even though degradable and non-
toxic, may nonetheless, be a barrier to FDA approval for certain uses. The PEGylated nanoparticles
did not entirely resolve this issue, therefore decreasing wound retention or even more definitively

proving that nanoparticle retention is not a problem, are areas for further investigation.
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One solution is to incorporate boron dye-polymers into gels or nanosheets that can be
washed or peeled off after application. Unlike aqueous suspensions, the delivery of oxygen sensors
via gels can address the issue of imaging agent runoff, while still retaining easy and conformal
application benefits. For those purpose, we attempted to embed aqueous nanoparticles into
Plurogel®, a commercially available wound dressing consisting of pluronic F68. The critical
micelle temperature of pluronic F68 is concentration dependent; that is, at a certain concentration
of the polymer, there is transition temperature above which the gel will be formed.® By taking this
unique property into account, the nanoparticles were mixed thoroughly with liquid pluronic F68
at low temperature (e.g., 0 °C), and the mixture turned into a gel at high temperature (e.g., 37 °C).
As proof of concept, the mixture was applied to a murine wound model to demonstrate utility in
response to local oxygen variations. Future experiments will involve exploring other oxygen
permeable and optically transparent polymers as carriers. The ultimate goal from here is to perform

clinical trials and to test the oxygen sensors in humans.

Aqueous Day 0 Day 6 Day 9 Day 12

i

Plurogel®

L/

Low O, memm

Figure 7. 2. Wound Imaging with Aqueous Nanoparticles (top) and Plurogel (bottom). The
nanoparticles or gel was applied on the wound beds, the images were taken and were analyzed
according to a previously established method.” Ratiometric images over time revealed the sensor
response to local oxygen variations during healing process.
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7.2.4  In Vivo Brain Oxygen Imaging

Oxygen sensing in the surface of the brain is important to study changes in oxygen during
seizures. Besides in vitro and ex vivo, in vivo imaging also needs to be extended. A mouse model
was selected as a good starting point for this work given its prevalence in brain and neuroscience
research. For whole animal imaging, delivery methods usually include IV injection or direct
application. Given the presence of the blood brain barrier (BBB) that might prevent the diffusion
of boron nanoparticles, in preliminary collaborative studies with the Kapur Lab, we opened the
mouse brain by creating a 3 x 3 mm cranial window, with the dura remaining intact.® The
nanoparticles were then delivered underneath the dura with a micro-glass pipette. Preliminary
results with an RGB color camera showed emission of the nanoparticles under UV excitation
(Figure 7.3). The imaging can be extended to a higher resolution imaging setup, such as a two-
photon microscope or mesoscale camera. The Kapur lab has developed a cobalt/homocysteine
model of seizures. Cobalt implantation creates a seizure focus in the frontal lobe of the mouse
brain and then systemic administration of homocysteine causes seizures to propagate along the
cortical mantle, with activation of layer 2/3 neurons. This is the model we aim to use in this project,
in conjunction with O imaging, to analyze how the oxygen concentration is related to seizures,
once imaging methods are developed and optimized. Once the imaging methods are optimized,
nanoparticles with active conjugation may be developed to deliver the imaging and sensing agents,
such as via transferrin and lactoferrin, both of which have receptors expressed in the BBB. This
could avoid interfering with brain tissue, leaving the dura mater intact when the cranial window is

opened for imaging.
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Figure 7. 3. Mouse Cranial Window Imaging. A) Picture of cranial window before nanoparticle
application under ambient light. B) Image taken with hand held UV excitation (A = 405 nm) after
the nanoparticles are injected. Yellow emission around vasculature is indicative of nanoparticle
localization.
7.3 Conclusion

The work from the past five years achieved the main goal of this research, that is, to
optimize and engineer the boron dye polymers for broader applications in biological context. In
particular, the blue nanoparticles were demonstrated to be used as bright blue cell labeling reagents
in immunology and the oxygen sensing nanoparticles were optimized to study brain activity. A
series of new oxygen sensing dyes were developed, in combination with a custom MATLAB
software for calibration optimization and a RGB camera, offering a portable, cost-effective, and
simple imaging setup. More importantly, the active targeting strategy was established to
accommodate multi-colored dyes and biomolecules. Efforts have also been made to promote the
regulation and approval of the BNPs in clinical trial including the ongoing project on human testing,
which will be the ultimate goal of the research in Fraser Lab. In summary, the excellent properties
of boron dye polymers will ensure that there are still lots of possibilities for them to serve as oxygen
sensing and imaging agents in research and clinical fields.
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Scheme S2.1. Synthetic Pathways for Boron Polymers.
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Table S2.1. Antibodies Used for Flow Cytometry and Imaging Experiments

Target Fluorophore Target Species Clone Vendor

CD3 AlexaFluor 488 Mouse 17A2 Biolegend
CDl1lc Phycoerythrin (PE) Mouse N418 Biolegend
B220 AlexaFluor 647 Mouse RA3-6B2 Biolegend
B220 FITC Mouse RA3-6B2 Biolegend
CD4 APC/Cy7 Mouse GK1.5 Biolegend
CD80 PE Mouse 16-10A1 Biolegend
CD40 AlexaFluor 647 Mouse HM40-3 Biolegend

Lyve-1 eFluor 660 Mouse ALY7 eBioscience
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Figure S2.1. Boron dyes for polymer initiation (initiator) and post polymerization modification
(coupler).

Note: As in the Chapter 2, in the figures below, the boron dye-polymers and nanoparticles are

referred by their polymer compositions (e.g. PLA = BFodbmPLA).
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Figure S2.2. (A) Visual inspection of PLA in different media before and after incubation for 5
days (concentration from left to right: 200, 100, 50, 20, 10 pug/mL). (B) Fluorescence emission
spectra of nanoparticles (200 pg/mL) recorded everyday over the time course. Spectra are not
shown for nanoparticles that aggregated in PBS and glucose/serum during the time course.
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Figure S2.3. (A) Visual inspection of PLLA in different media before and after incubation for 5
days (concentration from left to right: 200, 100, 50, 20, 10 pug/mL). (B) Fluorescence emission

spectra of nanoparticles (200 pg/mL) recorded everyday over the time course. Spectra are not
shown for nanoparticles that aggregated in PBS during the time course.
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Figure S2.4. (A) Visual inspection of PCL in different media before and after incubation for 5
days (concentration from left to right: 200, 100, 50, 20, 10 pug/mL). (B) Fluorescence emission
spectra of nanoparticles (200 pg/mL) recorded everyday over the time course. Spectra are not
shown for nanoparticles that aggregated in glucose/serum during the time course.
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Figure S2.5. (A) Visual inspection of PCL-PLLA in different media before and after incubation
for 5 days (concentration from left to right: 200, 100, 50, 20, 10 pg/mL). (B) Fluorescence emission

spectra of nanoparticles (200 pg/mL) recorded everyday over the time course. Spectra are not
shown for nanoparticles that aggregated in PBS during the time course.
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Figure S2.6. (A) Visual inspection of PLLA-PEG in different media before and after incubation
for 5 days (concentration from left to right: 200, 100, 50, 20, 10 pg/mL). (B) Fluorescence emission

spectra of nanoparticles (200 pg/mL) recorded everyday over the time course. Spectra are not
shown for nanoparticles that were aggregated in PBS during the time course.
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Figure S2.7. GPC traces boron PLA and PCL nanoparticle samples in water before and after
incubation in the dark under 37 °C for five days.
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Figure S2.8. Labelling efficiency of PCL and PLLA nanoparticles compared to Cell Tracker Blue
for each cell type in the mixed splenocyte population. CD11c+ and B220+ cells were labelled more
efficiently than CD3+ cells, consistent with the results for PCL-PLLA nanoparticles. CTB labelled

all cell types efficiently. Two-way ANOVA with comparisons to CTB column only. ****
p<0.0001
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Figure 2.9. Excitation (solid) and emission (dashed) scans of PCL-PLLA nanoparticles
immediately after labelling mixed splenocytes (black) and suspended in water (blue). Traces are
averaged over three replicates and background subtracted.
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Figure S2.10. Unlabeled purified naive B cells were treated with 10 pg/mL various stimuli for 48
hours. Activation was measured by proliferation (CFSE dilution) and CD40 upregulation. (a)
Representative histograms of PBS (black) and R848 (red) stimulated population showing
proliferation by CFSE dilution. (b) Quantification of proliferation of differentially treated cells. (c)
Representative histograms of PBS and R848 treated cells showing CD40 upregulation. (d)
Quantification of CD40 upregulation of differentially treated cells. R848 gave the highest CD40
upregulation and showed a high percentage of proliferating cells and was chosen for further
stimulation studies. Ordinary one way ANOVA with multiple comparisons. Each dot represents a
biological replicate. **** p <0.0001, ** p=0.0014, ns denotes p> 0.05.
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Figure S2.11. B cells stimulated with R848 express activation markers regardless of labelling
scheme. Representative histograms showing activation markers CD40 and CD80. (a) CTB labelled,
(b) PCL-PLLA labelled, and (c) unlabeled purified B cells. CD40 showed significant shifts in PBS
(grey) vs R848 stimulated (blue) traces. CD80 is a much subtler shift.



IFNy (ng/ml)

191

+CD3/CD28 = -CD3/CD28
*
20" ns
*
| f ns
15 l —
10+ r T
51t
04 -----.--------------
T T T T T
QD Vv Y 0%
F T 8
S o
;™

Figure S2.12. T cell activation in bulk splenocytes labelled with nanoparticles. Splenocytes were
incubated with anti-CD3/CD28 to induce non-antigen-specific T cell activation. After 24 hours,
IFN-y secretion in the supernatant was analyzed by ELISA. There were significant differences
between the stimulated and PBS conditions in all labelling schemes. CTB-labelled cells were
significantly lower than the no nanoparticle control whereas the PCL-PLLA-labelled cells were
not significant. Dashed line near zero depicts the ELISA limit of detection. Two-way ANOVA

with multiple comparisons. * p <0.05.
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Figure S2.13. Excitation (solid) and emission (dashed) data for 7-hydroxy-4-methylcoumarin,
overlaid with typical excitation sources and DAPI emission filter. This data is representative of
the spectra for Cell Tracker Blue. The dye has very low overlap with 395 nm and 405 nm excitation
sources. Spectral data from Thermo Fisher spectra viewer page for 7-hydroxy-4-methylcoumarin.
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Scheme S3.1. Alkylation Reactions for Ligand Precursors
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Figure S3.1. DLS Measurement of the Nanoparticles (Rz = 60 nm, % Pd = 23.5)
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Figure S3.2. A Schematic Illustration of Input and Output for Calibration Optimization Software.

“F. Shifto”

“F. Shift"

“F. Shifty”

“F. Shift "

450 550 650

450 500 550 600 650 750



195

Figure S3.3. Step 1 of Data Processing. The most quenched sample (Green) from the original data
(or “Datap” ) and call it  “F. Shifte”, then Scale “F. Shifto” so it is < all the other samples in

“Datao” at all wavelengths. This scaled version is called “F. Shift;,”
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Figure S3.4. Step 2 of Data Processing. Subtract “F. Shift,” from “Datao” to create “Data;”
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Figure S3.5. Step 3 of Data Processing. Take the LEAST quenched sample from “Data,” and
multiply it by the scalar and call this curve “F. Shifts”
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Figure S3.6. Step 4 of Data Processing. Subtract “F. Shifts” from “F. Shifto” and this is the isolated
fluorescence or “PureF”

108 P.Data;

Figure S3.7. Step 5 of Data Processing. Scale “Datag” so it is equal to “PureF” at the selected
fluorescence wavelength and call this “PDatag”
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Figure S3.9. Final Product of Data Processing: Overlay of “PureF” and “PureP” spectra.

Calibration and RGB Analysis GUI

FW_i_van_phen_PLA-PEG xlsx

%108
BF2nbm(i)PLA camera&florimeter calibrations. xlsx ~
6 CD_i_30C12_Phen_PLAPEG.xlsx
i_3_0C12_Naphthyl_2.5%.xIsx
3_0C12_Phenyl_2.5%.xisx
5 [FW_i_van_phen_PLA-PEG xlsx
Plot of Selected = IPhPh_7KNP Calibration. xisx
MZ_i_3,4_0C12_Naphthyl_2.5%.xlsx N
Spectra <4 11Z_i_vaniin_nap_PLAPEG xisx «— Files Uploaded

Z to the GUI
c 3 \
2
3 \

2 A\

\ .
1 N
g Searchand
N Browse Al Files D — X
Upload Files
450 500 550 600 650 700 750
Wavelength (nm)
Spectra Isolation Analysis Camera Response Analysis Close
Fluorescence and
RGB Camera
Phosphorescence Analysis
Isolation + Calibration ¥
Program
Program

Fluorescence and Phosphorescence Isolation + Calibration GUI

(4 sub_guit - X

FW_i_van_phen_PLA-PEG.xlsx

%10~
Fluorescence Wavelength
6 < » 490
5 415 750 Wavelength
§ Selector for
Raw Input Data —T‘A’ . Calibration
= “ » 492
£3
E 415 750
2 "
Automated Optimal
Autoset <
1 o Fand P Wavelength
Selector
[ overlay Camera Data
450 500 550 600 650 700 750
Wavelength (nm)
%108
Mode
G Data
Display Both Pure F and Pure P B +—— ViSUa”ZatiOn
Display Pure Fluorescence
5
. Display Pure Phosphorescences Modes
: S Display Both Pure F and Pure P
Daté Ana.IVSI_S =4 5 Display Pure F, Pure P, and Camera RGB Response
and Visualization 2 Stern-Volmer Plots
% 3 Stern-Volmer Quenching Constant Distribution
E
=2
X-Axis Upper Bound: | 759
1
Export Selected
0 Write Isolated Spectra to File +—— Worku Data
450 500 550 600 650 700 750 P

Wavelength (nm)

Figures S3.10. GUI of Calibration and RGB Analysis and Peak Isolation.
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Figure S3.11. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 1 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.12. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 2 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.13. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 3 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.14. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 4 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.15. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 5 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.16. Isolated Fluorescence (Blue) and Phosphorescence (Red) of 6 in PLA-PEG NPs.
Total emission and FP ratio plot.
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Figure S3.17. Stern-Volmer Oxygen Quenching Plots of Is Boron Dyes in PLA-PEG
Nanoparticles (Values summarized on Table 4.3).
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Figure S3.19. Wound Healing Monitored Over Seven Days. Top row and bottom row are PLA
NPs and PLA-PEG NPs respectively. Images were analyzed in MATLAB without background
subtraction. Scale bar = 1 mm.
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Figure S3.20. Wound Area Monitored by Tracking the Regions Lacking Epidermis.



Computational Details

Tables S3.1. Computational Details for Compound 1
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Copying the excited state density for this state as the l-particle RhoCI
density.
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Tables S3.2. Computational Details for Compound 2
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Excited

<S**2>=0.

85
87

Excited
<S**2>=(
86

Excited
<S**2>=0
85

87

Excited

<S**2>=0.

84
89

Excited

<S**2>=0.

87

State
000
-> 90

State
000

-> 90
-> 90

State

.000

-> 90

State

.000

-> 90
-> 90

State
000

-> 90
-> 91

State
000
-> 92

E (TD-HF/TD-KS) =

Singlet-A

.70251

Singlet-A

.14361
.68418

Singlet-A

.70247

Singlet-A

.67980
.14311

Singlet-A

.66493
.19974

Singlet-A

.20818

3.2388

-1157.27383604

eV

.8242 eV

.8872 ev

.9451 ev

L4279 ev

.6041 ev

£=0.0638
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as the l-particle RhoCI

382.

324.

318.

314.

280.

269.

81

21

95

27

01

29

nm

nm

nm

nm

nm

nm

£=0.9541

.1495

.0002

.0684

.0666

.0006



88
89

Excited

<S**2>=0.

84
89

Excited
<S**2>=0
80

81

83

Excited
<S**2>=0
83

88

-> 92
-> 92

State
000

-> 90
-> 91

State

.000

-> 90
-> 90
-> 90

State

.000

-> 90
-> 91

10:

.65818
.10426

Singlet-A

.20308
.64923

Singlet-A

.53629
.42594
.11734

Singlet-A

.56796
.38541

4.6359 eV

4.7653 eV

4.9332 eV

267.44 nm

260.18 nm

251.33 nm

£=0.0264

£=0.0014

£=0.0021
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Tables S3.3. Computational Details for Compound 3
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Sample Occupied Orbitals Unoccupied Orbitals
Calculated Structure HOMO LUMO
Fo <F
o0 | ? 3 %’ ‘:"
| _ 0 a‘j’! [ 2 [ "|,
SRACUINRO L ) JIN Y o 7
I (0] 2 9 .']f ) 9 o
H P 2o
Geometry HOMO-1
&
? C’j ® 2
J?AL‘A)‘%.qglq
e e, 0 0%
* 3 o
Jlu
C -1.36288 -1.13359 -0.00003
C -0.1283 -0.47204 0.12447
H -0.09881 0.59246 0.29231
0 -1.39317 -2.43494 -0.15341
C 1.05819 -1.18605 -0.01l612
0 1.04913 -2.48969 -0.16826
B -0.18823 -3.29237 0.02017
F -0.21874 -4.29863 -0.93549
F -0.19414 -3.82033 1.31509
C 2.3941 -0.56219 -0.02093
C 3.53586 -1.3723 0.12071
C 2.56321 0.82689 -0.16829
H 3.42046 -2.44453 0.23349
C 3.8355 1.39551 -0.16653
H 1.70847 1.48003 -0.30683
C 4.81335 -0.81319 0.12816
C 4.95236 0.56942 -0.01481
C -2.65794 -0.46047 0.00204
C -3.83962 -1.24108 -0.04038
C -2.76989 0.93864 0.0392
C -5.0906 -0.64364 -0.04184
H -3.74636 -2.31841 -0.06714
C -4.02228 1.54921 0.03818
H -1.89157 1.57302 0.05975
C -5.19172 0.77931 -0.00138
H 3.94551 2.46742 -0.28799
H 5.68133 -1.45299 0.24571
I 6.90813 1.44295 -0.00678
H -4.08196 2.63036 0.06482



OmmTmTnQILnTnOQIT T QO @I mQ

Excited State

<S**2>=0.

97

000
-> 98

0.

.24328 -2.
.72898 -3.
.75695 -3.
.28758 -3
.27312  -1.
.63448 2.
.17207 3
.14235 3
.1318 2
.5628 2
.5935 2.
.43575 4
.51713 4
.03594 4
.00222 5
.4423 1

Singlet-A

70123

74115
09491
15297

.05383

31206
70832

.10442
.16218
.97868
.53477

47318

.48141
.6551

.94276
.00539
.27946

-0.12254
-1.02372
0.76946
-0.14871
-0.07716
0.03669
0.94994
-0.83311
0.02008
-0.886
0.87743
0.06731
0.05282
0.97887
-0.79358
-0.00609

2.7686 eV 447.83 nm £=0.7290

This state for optimization and/or second-order correction.
Total Energy,
Copying the excited state density for this state as the l-particle RhoCI

density.

Excited

<S**2>=0.

95
96

Excited
<S**2>=0
95

96

Excited

<S**2>=0.

94

Excited

<S**2>=0.

92
93

Excited

<S**2>=0.

92
93
97
97

Excited
<S**2>=(

State
000

-> 98
-> 98

State

.000

-> 98
-> 98

State
000
-> 98

State
000

-> 98
-> 98

State
000

-> 98
-> 98
-> 99
->100

State

.000

Singlet-A

.25452
.65550

Singlet-A

.64751
.25139

Singlet-A

.70264

Singlet-A

.26808
.63755

Singlet-A

.61401
.25003
.16769
.14374

Singlet-A

E (TD-HF/TD-KS) = -1271.79215075

3.3752 eV

3.7024 ev

4.0119 ev

4.0237 eV

4.2658 eV

4.4401 ev

367.

334.

3009.

308.

290.

279.

33

88

04

13

65

23

nm

nm

nm

nm

nm

nm

£f=0.5772

£=0.0689

£=0.0001

£=0.0126

£=0.0764

£=0.0029
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96
96
97
97

Excited

<S**2>=0.

92
93
97
97

Excited
<S**2>=0
95

95

96

96

97

97

Excited

<S**2>=0.

87
88
90
91

-> 99
->100
-> 99
->100

State
000

-> 98
-> 98
-> 99
->100

State

.000

-> 99
->100
-> 99
->100
-> 99
->100

State
000

-> 98
-> 98
-> 98
-> 98

O O O O

10:

.24859
.24976
.48629
.35096

Singlet-A 4.5166 ev 274.51 nm f£f=0.1114

.17644
.12703
.40370
.51162

Singlet-A 4.7706 eV 259.89 nm £=0.0007

.13494
.12973
.39794
.38808
.24616
.28628

Singlet-A 4.8609 ev 255.06 nm £=0.0006

.12237
.45734
.48697
.13457
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Tables S3.4. Computational Details for Compound 4
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Sample Occupied Orbitals Unoccupied Orbitals
Calculated Structure HOMO LUMO
Fo .F
o B% 3
L~ ‘A W" ‘a" e,
70 | o @ 000 00
| . 9 9 ®
0 » 'd
L P g Lo
9 J
Geometry HOMO-1
3 g
9 o o 9 2
259 o b b B “,‘3 g
4L 2% 20 2 2 { i
B0 5 0 0,9, V. @B
" J & ¥ g f
> 3 o, - V)
* »
2o o
<
HOMO-2
3
s
N/
9 ) :“
P
9
C -3.18121 -1.60278 -0.00575
C -1.99948 -0.86588 0.13227
H -2.04405 0.18698 0.35971
0 -3.13942 -2.8929 -0.21655
C -0.76461 -1.4923 -0.06452
0 -0.70115 -2.78231 -0.28258
B -1.87685 -3.67599 -0.09649
F -1.85994 -4.64722 -1.08536
F -1.81852 -4.24135 1.17949
C -4.52967 -1.01293 0.05626
C -5.64801 -1.86212 0.18904
C -4.71715 0.37539 -0.01589
C -6.92214 -1.3084 0.25632
H -5.50678 -2.93477 0.24646
C -6.00471 0.92401 0.04805
H -3.88501 1.05812 -0.14535
C -7.11536 0.07715 0.1874
H -7.78672 -1.95689 0.36591
H -8.12056 0.47868 0.23959



HDn oD OQITDOQOOQOTD Q@D QOoDn OO on DD @DmT Q@D

<~ oA PP OOREREREREDNOR

.35747 2
.8602 2
.97383 2
L1337 4
.59443 4
.48704 4
.45563 5
.00307 5
.27141 6
.109 4
L0717 2
.52278 -0
.70148 -1.
.59318 0.
.96531 -0
.65563 -2
.80807 1.
.313 1.
.02636 0.
17971 -1
.84958 2.
.29391 1.
.40127 -0
.13674 -2
.44191 0.
.33475 2.
.31976 -1
.35506 1.

Excitation energies and oscillator

Excited
<S**2>=0.

101

102

State
000

->103
->103

1:

Singlet-A

-0.46572

0.

52680

.92484
.68012
.55249
.42556
.62875
.75553
.20297
.03314
.27925
.90767
.28164
.78215

51963
64505

.88295
.60344

28633
23892
54862

.62468

37207
19117

.98619
.71074

43046
27568

.56244

40184

stren

.0015
0.944

.0573

0.69961
.09897
0.83659
.18646
.92941

.0381

.0289

o O O

gths:

2.8408 ev

.83104
.12336

.06119
.04085
.07517
.02426

.06336
.11475
.03432
0.00398
.08153
.01768
0.01988
0.01234
0.00886
.02544
.04098
.03654

436.44 nm

This state for optimization and/or second-order correction.
Total Energy,
Copying the excited state density for this state as the l-particle RhoCI

density.

Excited
<S**2>=0
101

102

Excited
<S**2>=0.
100

Excited
<S**2>=(.
99

State

.000

->103
->103

State
000
->103

State
000
->103

2

E (TD-HF/TD-KS) =

Singlet-A

.52638
.45931

Singlet-A

.69191

Singlet-A

.69475

-1310.91457772

2.8921 ev

3.2847 ev

3.7260 ev

428.70 nm

£=0.3556

£=0.2563

377.46 nm £=0.5874

332.76 nm

£=0.2969
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Excited

<S**2>=0.

98

Excited

<S**2>=0.

97
101
102

Excited
<S**2>=0
99

101

102

102

Excited

<S**2>=0.

100
101
102
102

Excited

<S**2>=0.

96
100
101
101
102
102

Excited
<S**2>=0
97

100

101

102

102

State
000
->103

State
000

->103
->104
->105

State

.000

->106
->106
->105
->106

State
000

->104
->105
->104
->105

State
000

->103
->104
->104
->105
->104
->105

State

.000

->103
->104
->104
->104
->105

10:

O O O O o

O O O O

Singlet-A

.70305

Singlet-A

.66025
.14978
.12979

Singlet-A

.12479
.16187
.13238
.65609

Singlet-A

.22010
.10041
.56328
.28338

Singlet-A

.15822
.20368
.48472
.14829
.28672
.26158

Singlet-A

.21566
.27752
.44533
.26418
.28740

.9245 ev

.3157 ev

.3480 eV

.3867 eV

.4709 ev

.4991 ev

315.93 nm

287.29 nm

285.15 nm

282.64 nm

277.32 nm

275.58 nm

f

.0000

.0720

.0005

.0513

.0325

.0003
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Tables S3.5. Computational Details for Compound 5
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Sample Occupied Orbitals Unoccupied Orbitals
Calculated Structure HOMO LUMO

Fo .F

5
oo | 4 @
L | v v | sed %
I o oo @ -"4" 9 '.
H o 0 ‘
9 9 ¥ ' J‘ },,
P

GO I Ne N NeN - NONONO NN NL N OO NON: - NON@]

.51509
.27615
.24105
.55541
.093
.11439
.35261
.39998
.34847
.80674
.99274
.91134
.240064
.90518
.1607
.02972
.33431
.21452
.40432
.8976
.91426
.45031
.42678
.76693
.29581

N JJoooJuoowudbhoywWwbdhWRPRRERPRPRPOONRERDN

O PP OWDd WNENOORH

|
=N

.04754
.39205
.6742

.35028
.11333
.41887
L21172
L2271

.73025
.36673
.14117
.03295
.53724
.21903
.65008
.66297
.8862

.73164
.62925
.98896
.04025
.93687
.19991
.82267
.21953

.01113
.09437
.24757
.15178
.04925
.19292
.01588
.93043
.31543
.00368
.03502
.02822
.03108
.05807
.03315
.04087
.00463
.05599
.09684
.99998
.79351
.11515
.05657
.04622
.9547



Excitation energies and

Excited State
<S**2>=0.000
110 ->111

1:

0.

H 7.27891 -3.27115 -0.82869
C 9.26289 -3.10084 0.03962
H 9.70287 -2.65568 -0.86153
H 9.72088 -2.60106 0.90231
C 9.5588 -4.60531 0.08319
H 10.63935 -4.78456 0.0760
H 9.14988 -5.06821 0.98993
H 9.12899 -5.12369 -0.78295
0 7.58261 -1.39279 0.00678
C -1.24344 0.49549 -0.0674

C -2.36826 1.30641 0.02772
C -1.41257 -0.91876 -0.17983
C -3.67323 0.75597 0.02515
H -2.24841 2.38135 0.11314
C -2.6678 -1.47702 -0.18916
H -0.54895 -1.56725 -0.28011
C -3.83221 -0.66361 -0.08438
C -4.83477 1.57191 0.12936
H -2.78341 -2.55353 -0.28281
C -5.13982 -1.22026 -0.08863
c -6.09695 1.01655 0.12415
H -4.71891 2.64947 0.21274
C -6.23355 -0.38978 0.01391
H -5.25324 -2.29633 -0.17232
H -6.97395 1.64986 0.20364
I -8.20568 -1.23732 0.00987

oscillator strengths:
Singlet-A 2.7172 ev

70013

216

2

456.29 nm £=1.0225

This state for optimization and/or second-order correction.

Total Energy,

E (TD-HF/TD-KS)

-1425.43437004

Copying the excited state density for this state

density.
Excited State 2:
<S**2>=0.000
107 ->111 -0
109 ->111 0.
Excited State 3:
<S**2>=0.000
107 ->111 -0
108 ->111 0
Excited State 4:
<S**2>=0.000
107 ->111 0
108 ->111 0
109 ->111 0

Singlet-A 3.0353 ev

.10814

68422

Singlet-A 3.3957 ev

.22540
.65813

Singlet-A 3.6399 ev

.65007
.20430
.12660

as the l-particle RhoCI

408.47 nm £=0.0745
365.12 nm £=0.4452
340.63 nm £=0.0815



Excited

<S**2>=0.

106

Excited

<S**2>=0.

105
109
110

Excited

<S**2>=0.

105
110
110

Excited

<S**2>=0.

109
110

Excited
<S**2>=0
104

105

108

109

110

110

Excited

<S**2>=0.

109
110

State
000
->111

State
000

->111
->114
->112

State
000

->111
->112
->114

State
000

->113
->113

State

.000

->111
->111
->112
->114
->112
->114

State
000

->112
->114

10:

Singlet-A

.70238

Singlet-A

.48387
.10444
.49615

Singlet-A

.48475
.45701
.15242

Singlet-A

.54326
.42663

Singlet-A

.16698
.11494
.32152
.30707
.16232
.45475

Singlet-A

.67120
.10090

.0419 ev

.1029 ev

.2096 ev

.2990 ev

.4659 eV

.4925 ev

306.75 nm

302.19 nm

294 .53 nm

288.40 nm

277.63 nm

275.98 nm

£=0.

.0000

.0828

.0351

.0004

.0563

0632

217



Tables S3.6. Computational Details for Compound 6
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Sample Occupied Orbitals Unoccupied Orbitals
Calculated Structure HOMO LUMO
@ o
) L)
9 >
JJ*
@

Geometry
s O 0
‘ |
s 2t
bl 9 a.d
o
b @
2
@

(@i ONONONONON I e N OO NONON N NGO N NO N - IO NG

-2.66149 -0.81073 -0.
-1.28043 -0.56203 0.
-0.92903 0.45484 0.
-3.10918 -2.04732 -0.
-0.38898 -1.62826 -0.
-0.80808 =-2.87212 -0.
-2.23432 -3.22697 0.
-2.59016 -4.23158 -0.
-2.39267 -3.64857 1.
1.05375 -1.47428 -0.
1.98366 -2.49856 -0.
1.84957 0.08871 -0.
3.32685 -2.04475 -0.
1.69788 -3.54372 -0.
3.40594 -0.6711 -0.
4.19001 -2.69915 -0.
5.17428 0.47585 -0.
-3.66749 0.20448 -0.
-3.54891 1.60566 -0.
-5.35735 -0.2657 -0.
-4.80943 2.26908 -0.
-5.85344 1.38047 -0.
-4.94166 3.34304 -0.
-6.90726 1.62302 -0.
-2.27959 3.64537 0.

02812
07368
16069
12585
0123

1131

11241
77839
43854
02612
05153
01157
05802
06221
03752
07525
03658
06627
03455
17334
09638
17343
08388
23015
06388



oOmmTITm QT im QT m

.842

.74215
.81412
.37843
.27925
.64333
.15464
.41711
.04682
.34735

N oy U oy U1 W W i D>

Excitation energies and oscillator

Excited State
<S**2>=0.

91

density.

Excited

<S**2>=0.

89
90

Excited
<S**2>=0
89

90

Excited

<S**2>=0.

90
91

Excited

<S**2>=0.

88

Excited

<S**2>=0.

87

Excited

<S**2>=0.

86
91

Excited
<S**2>=0
86

91

000
-> 92

State
000

-> 92
-> 92

State

.000

-> 92
-> 92

State
000

-> 93
-> 93

State
000
-> 92

State
000
-> 92

State
000

-> 92
-> 94

State

.000

-> 92
-> 94

Singlet-A

0.70539
This state for optimization and/or second-order correction.
Total Energy,
Copying the excited state density for this state

E (TD-HF/TD-KS) =

Singlet-A

.21567
.66589

Singlet-A

.66438
.20580

Singlet-A

.26643
.64175

Singlet-A

.69705

Singlet-A

.70005

Singlet-A

.60383
.34295

Singlet-A

.34008
.58459

.01258 0.9306

.03005 -0.85278
.04143 0.14989
.59933 1.05452
.61619 -0.70836
.56594 0.17437
.01214 1.03619
.8315 0.24135
.0291 -0.7345

.19731 0.04545
strengths:

-1798.75520975

.4807 ev

.8258 eV

.0969 ev

.1163 ev

.2022 ev

.3875 ev

.5387 eVv

2.9410 eV 421.58 nm £=0.8669

219

as the l-particle RhoCI

356.20

324.07

302.63

301.20

295.04

282.58

273.17

nm

nm

nm

nm

nm

nm

nm

£=0.2145

.0793

.0004

.0496

.0001

.0320

.1309



Excited

<S**2>=0.

89
90
91

Excited

<S**2>=0.

84
85
90

State
000

-> 93
-> 93
-> 93

State
000

-> 92
-> 92
-> 94

10:

(@]

Singlet-A

.19314
.60512
.27829

Singlet-A

.55516
.32699
.25803

4.7790 ev

4.9017 ev

259.44 nm

252.94 nm

£=0.0001

£=0.0044
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Figure S3.21. Calculated Absorption Spectra of Compounds 1 (A), 2 (B), 3 (C), 4 (D), 5 (E) and
6 (F).
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Appendix C

Supporting Information for Chapter 4
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Table S4.1. Optical Properties of dtm in PLA Film*

Sample Aex” A 1 AR TRTY Se
(nm) (nm) (ns) (M) (ms)  (to/Ti%)

dtm” 433 464 0.65 585 209  1.70
%2.5% weight percent dye (mass of dye/ mass of PLA). “Maxima of the excitation spectrum
monitored at the fluorescence maxima. “Fluorescence emission maxima excited at 369 nm.
Fluorescence lifetime excited with a 369 nm light-emitting diode (LED) monitored at the emission
maximum. All fluorescence lifetimes are fitted to a double-exponential decay. ‘Phosphorescence
maxima in the delayed emission spectrum (Aex = 369 nm from a Xenon flash lamp and with a 0.5
ms delay). /Phosphorescence lifetime monitored at the phosphorescence maximum (Aex = 369 nm
from a Xenon flash lamp). ¢Sensitivity parameter (S = to/T1% to indicate the amount quenched in
the most sensitive range).!
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Figure S4.1. Mouse Wound Area Monitored Over Time.
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Figure S4.2. F/P Ratios Monitored Over Time
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Figure S5.1. nbm(I)OH. '"H NMR: (600 MHz, D¢-DMSO) 811.22 (s, broad, 1H, phenol-OH), 8.99
(s, 1H, 1-NpH), 8.55 (s, 1H, 5-NpH), 8.33 (m, 3H, 2, 6-PhH, 4-NpH), (d, ] = 6, 1H, 3-NpH), 7.95
(m, 2H, 7, 8-NpH), 7.87 (s, 1H, COCHCO), 7.00 (d, J= 6, 2H, 3, 5-PhH).
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Figure S5.2. BF-nbm(I)OH. '"H NMR: (600 MHz, Ds-DMSO) 611.22 (s, broad, 1H, phenol-OH),

8.99 (s, 1H, 1-NpH), 8.55 (s, 1H, 5-NpH), 8.33 (m, 3H, 2, 6-PhH, 4-NpH), (d, ] = 6, 1H, 3-NpH),
7.95 (m, 2H, 7, 8-NpH), 7.87 (s, 1H, COCHCO), 7.00 (d, J = 6, 2H, 3, 5-PhH).
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Figure S5.3. BFonbm(I)PLLA-PEG. 'TH NMR: (600 MHz, CDCls) 88.69 (s, 1H, 1-NpH), 8.32 (s,
1H, 5-NpH), 8.17 (d, J = 6, 2H, 2, 6-PhH), 8.09 (d, J =12, 1H, 3-NpH), 7.85 (m, H, 7, 8-NpH),
7.72 (d,J =12, 1H, 4-NpH), 7.21 (s, 1H, COCHCO), 7.06 (d, ] = 6, 2H, 3, 5-PhH), 5.17 (q, I = 6,
66H, PLLA-H), 3.62 (s, broad, 179H, PEG-OCH:CH>-), 3.36 (s, 3H, PEG-OCH3), 1.55 (m, broad,
217H, PLLA-CH).
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Figure S5.4. GPC Traces of BFoanbm(I)PLLA-PEG. A) 2D plot of intensity versus elution time

(UV = absorbance signal and RI = refractive index. B) 3D chromatogram of the polymer (Y axis
= intensity, X axis = absorbance wavelength, Z axis = elution time).

Table S5.1. Polymer Characterization Data and Optical Properties in CH>Cl,

Polymer # M, DY avs” g kem”  DF

(GPC) (m) M'em') (nm)
BF>dbmPLLA-PEG P1 10500 1.05 396 37 000 426  0.68
BFnvmPLLA-PEG P2 11500 1.17 421 32 400 495  0.41
BF,gvmPLLA-PEG P3 10600 1.09 424 56 200 502 0.31

BF>dapvmPLLA-PEG P4 9300 1.08 536 29300 623  0.28
BFnbm(I)PLLA-PEG PS5 7600 1.05 418 64 500 451  0.04

“Average molecular weight data of dye-polymer conjugates determined by GPC in THF. b=
polydispersity index (Mw/Mxy). ?Absorption maxima and its corresponding extinction coefficient.
“Fluorescence emission maxima excited at 369 nm, except sample 4 and 5 (hex = 385 nm). “Relative
quantum yield versus anthracene in EtOH as a standard.
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Figure S5.5. UV absorption of folic acid targeted FA-PEG-PDLA and non-targeted PEG-PDLA.
Characteristic peaks at around 284 nm and 360 nm demonstrated the successful conjugation of
folic acid.
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Figure S5.6. Folic acid calibration curve.
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Figure S5.7. Oxygen Calibration of BFonbm(I)PLLA-PEG + PDLA-PEG. A) Pictures under UV
excitation (Aex = 369 nm) at various oxygen concentration. B) Total emission showing

phosphorescence is quenched with increased oxygen concentration.
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Figure S6.1. Total Emission of O» NPs at Varying Oxygen Levels. Oxygen concentration is from

0 to 21 %.
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Scheme S7.1 Synthetic routine of NHS-BF,dbmPLA
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