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Abstract
As the epidemic of cancer continues to grow, so have new treatment plans to

incorporate the latest findings about tumors. We present the idea of a noninvasive
method of examining cancer cell-profiles with 1°F magnetic resonance imaging (MRI)
molecular probes, perfluorocarbon nanoemulsions (PFC), to selectively label cancer-
relevant immune cells. PFC nanoemulsions have exemplified their utility in tracking
biodistribution of immunotherapies in ex vivo labeling. Herein, we propose a method of
labeling selected immune cells in vivo by increasing cell affinity for the PFC tracer by
coupling receptor-specific ligands. To perform this conjugation, we will functionalize the
nanoemulsion surface by incorporating the strain-promoted [3+2] azide-alkyne
cycloaddition (SPAAC) reagent, dibenzocyclooctyne (DBCO), in the surfactant layer to
click with azide-modified ligands. We have examined the ability for SPAAC to occur and
optimized conditions for targeting the tumor-associated macrophage phenotype (TAM)

M2 with the ligand sulfated dextran (SD).
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Chapter 1: Introduction

1.1 In the search of macrophages

One of the most concerning issues regarding cancer is its ability to outmaneuver
our immune systems and manipulate resistance to therapies. This resistance appears to
be facilitated under the conditions of the tumor microenvironment (TME) which is
composed of immune cells which can constitute up to 50% of its cancerous mass as seen
in breast cancer. An early idea was proposed that at the onset of cancer, the immune
system responds to cancer by activating T cells and macrophages against this
progression'. However, beyond this early stage, the TME changes as a result of the
abnormal variant tissue harboring dying and growing cells which release local danger
signals to recruit macrophages to repair the tumor tissue. This repurposing of
macrophages, classified as tumor associated macrophages (TAMs), starts various
mechanisms to begin vascularization and immunosuppression of the area which nourish,
proliferate, and protect the abnormal tumor growth?.

To further complicate matters, not all macrophages possess these tumorigenic
properties. It is proposed that there are two phenotypically differentiated classifications
for macrophages roles: M1 types for proinflammatory and M2 anti-inflammatory behavior.

It was determined that the TAMs possess tumorigenic properties that overlap with M2

Macrophage subtypes
M1 M2
Antigen Tumor
presenting associated
macrophages macrophages
(APC) (TAM)

Figure 1.1. Macrophage subtypes

1



phenotype® (Figure 1.1). The pro-inflammatory macrophages are classified as M1
behavior by promoting cytotoxic environments while anti-inflammatory macrophages are
classified as M2 behavior by stimulating cell growth. The M1/M2 dichotomy was
understood as a degree of polarization between the two phenotypes based on the signals
provided by the microenvironment?*. In one study on ovarian cancer it was noted that that
higher ratios of M1 to M2 type macrophages positively correlated with higher survival
rates for patients®. Therefore, there is clinical value in distinguishing the degree of
differentiation between these two sub-types reliably to provide practitioners diagnostic
insight into the health of cancer patients.

In the search of identifying M1/M2 activity, various imaging methods for quantifying
or identifying regions have been adapted. One such example was focused on using
molecular detection probes to emit fluorescence in the near-infrared (NIR) region in the
presence of nitrous oxide probe (NO), an M2-marker, to monitor the macrophagic
changes from various drugs in real time®. Notably, most examples involving imaging
M1/M2 macrophages use fluorescence based microscopy and visualize cells ex vivo,
however in situ labeling would be more advantageous for screening patients for
macrophages. Proposing solutions for imaging these important groups in of macrophages
in situ would expand our imaging toolset with functionality for subsequent cell-type
selectivity.

In the area of treatment research, there are efforts in polarizing the two groups
from M1 to M2 type macrophages in vivo, and imaging the cells is one method to verify
the efficacy of any proposed nanoemulsion for localization at a desired site for effect. One

such method to control the nanoemulsion localization is receptor-based targeting.



Research in this area has been focused on delivery systems such as polymersomes,
liposomes, carbon nanotube, dendrimers, and nanoemulsions which rely on conjugating
the ligand to the particle to induce localization to the receptor of the targeted cell-type.
The concept originated in the early advances in biology in the 1980s, properties of tumor
cells were identified to overly express the transferrin receptor (TfR)?, which proved to be
a successful targeting-site when used for direct selective internalization of transferrin-
toxin and transferrin-DNA conjugates into the tumor cell using liposomes?. As a result of
successful examples of receptor-based targeting applications, we have greater support

for implementation of this strategy.

1.2 Nanoemusions and °F MRI

In order to utilize the tumor’s cellular profile for targeting purposes in treating
cancers, patients are subjected to biopsies in the tumor region. While biopsies are the
most common method for assessing a tumor’s cellular profile, the method is invasive and
often requires external imaging methods such as MRI or PET. Biopsies can cause
potential damage to normal tissue surrounding the area, and usually requires 2 to 10
days of processing. %10,

As mentioned previously, imaging methods are often required with biopsies in
order to locate tissue of interest. MRI is a safe and noninvasive method used to image
tumors. Typically, measurements can be gathered using positive and negative contrast
agents that are injected in vivo. Examples include gadolinium and superparamagnetic
iron oxide (SP1O), which rely on intrinsic changes in T1 and T2 relaxation times to produce

contrast within images. The major drawback to using contrast agents for imaging



purposes is that it is difficult to definitively determine regions of particle presence due to
the different concentrations of protons surrounding the contrast agent.

In order to generate more distinguishable images in MRI, one promising method
uses °F molecular probes which depends on dense concentrations of fluorine nuclei to
produce hot-spot images within cells'. MRI experiments using perfluorocarbon
nanoemulsions (PFC-NE) as molecular probes have shown its effectiveness in utilizing
'F MRI measurements to overlay with "H MRI results to highlight fluorine-dense regions
within their 3D environment'2. Due to the lower biological abundance of the '°F nuclei,
regions have clear distinctions within images and their concentration is easily quantifiable
with a standard or phantom present. PFC-NE have demonstrated their utility as MRI
imaging probes forimmune cell subtypes including visualizing dendritic cells (DC), natural
killer cells (NK) and macrophages, and were able to reveal biodistribution and
bioaccumulation upon ex vivo analysis'®. However, straightforward in situ labelling
presents a challenge of selective uptake by the desired cells.

Upon closer inspection of the chemical properties of the perfluorocarbon-types or
PFCs used, their potential for cell labeling becomes more clear’*. PFCs are considered
molecules which typically have several C-F bonds. The energy barrier required to break
the C-F is higher than most biological systems, rendering them mostly biologically inert®.
Another feature is the ability for PFCs to display both lipo- and hydrophobic
characteristics, which are well suited to resist dissolving in the cellular membrane’®. The
variety of PFC type used can also add dynamicity in imaging properties.
Perfluoropolyether (PFPE) is a typical PFC used, and it is a long, linear polymer with

many repeating units resulting in many chemically equivalent fluorine nuclei and



increases its overall sensitivity in '°F MRI'7. Perfluorooctyl bromide (PFOB) is another
PFC-type which is smaller in length optimizing it to quicker clearance in vivo and
possesses unique fluorine nuclei signatures.

Emulsification of the PFC is used to encase the PFC in stable droplets. Since the
PFC itself is a dense oil being both highly hydrophobic and hydrophilic, it is stabilized in
a colloidal suspension by surfactants which must be sonicated and homogenized by
microfluidization to produce nanoemulsions of consistent sizes and charcteristics'®. It has
been shown that the surfactant layer can be altered to change its characteristics to
enhance cellular uptake in specific cells'®, which has led to many methods for layer
modification to be developed. Typically, surfactants for the preparation of PFC
nanoemulsions (PFC-NE) are comprised of pluronics and phospholipids to generate small
consistent droplets (~100-200 nm) and fluorine concentration can be easily measured in

F NMR prior to studies.

1.3 Functionalized nanoemulsions

A common strategy to achieve in vivo targeting of nanoemulsions is to adorn them
with ligands with reported affinity for distinct cellular biomarkers. Reports typically have
utilized a variety ligand types such as peptides, antibodies, polymers, and small
molecules and. However, preparing nanoemulsions in for this purpose requires time and
multistep procedures to generate ligand moieties along the emulsion surface. To
streamline this process, we present a methodology to rapidly confer ligand-guided
specificity with a simple and effective attachment using copper free click chemistry to

attach ready-to-click nanoemulsions to the prospective ligands.



Strategies for functionalizing PFC nanoemulsions have been reported in two
distinct preparations: pre-emulsification and post-emulsification. Pre-emulsification
techniques rely on ligand conjugation before the high-pressure, microfluidization process
to form the stabilized NE (Figure 1.2B-C)?%2":22, While this method may be relatively
simplistic to implement, ligands tested often require a lengthy synthetic preparation and
must be robust enough to withstand the shear forces imposed by the microfluidizer. Post-

emulsification is a technique that conjugates the ligand to the surface after the

This work

lipophilic
imbedding
conditions

microfluidization procedure is complete (Figure 1.2D-E)?3. This requires chemical
modification of the surface of the particles to introduce functional groups, e.g., amine,
carboxyl, sulfhydryl, etc. Often, sulfhydryl-based linker chemistry is implemented in NE

Figure 1.2. Summarization of the various strategies used to functionalize PFC NE for
ligand conjugation.



conjugation for the formation of covalent thioester bonds between maleimide and cysteine
groups without the need for metal-catalysts. However, there are reported limitations with
this strategy, such as the maleimide-linked products being particularly sensitive to
hydrolysis and the chemistry optimally performs in inert atmospheres?*. Functionalized
PFC-NE have been shown to be stable in proper storage conditions and to bind

successfully to targets?526.

1.4 This work

We demonstrate a copper-free click chemistry strategy commonly known as strain-
promoted alkyne-azide cycloaddition (SPAAC) to facilitate NE-PFC conjugation (Figure
1.1E). This technique is ideal for occurring in mild reaction conditions and its low potential
for cross-reactivity?’”. SPAAC has been used successfully for a variety of biological
applications, such as live-cell imaging, radioisotope Ilabeling, and surface
modification?829.30.31.32.33 "\We modify the dibenzocyclooctyne succinimide (DBCO-NHS)
linker to have a lipid tail, dioctadecylamine, in order to facilitate incorporation to the
perfluorocarbon nanoemulsion lipid shell and present the reactive cyclooctyne on the
surface of the particle.

In this work, we sought to increase PFC nanoemulsions’ affinity for M1 or M2
subtypes by attaching receptor-specific ligand, to the emulsion surface. The high density
of PFC at the core of the emulsion droplets allows simple identification of '°F nuclei in
NMR or MRI imparting little or no cytotoxicity in vivo34. The outermost layer of
nanoemulsion (i.e., surfactant layer) is composed of phospholipids where amphiphilic
molecules can be incorporated to functionalize the droplet surface for conjugation of

biologically relevant ligands. Since the use of sulfated-dextran (SD) has reported affinity
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to the M2 phenotype distinguishing scavenger receptor A1 (SR-A1)3536, we proposed to
add azide functionality to the charged polymer and conjugate it to the surface of PFC-NE.
With this, we may optimize conditions for PFC labelling to target M2 macrophages to

assay TAMSs in vivo with '°F MRI.



Chapter 2. Characterization of Click-ready DBCO-PFC-NE
2.1 Methodology

Scheme 2.1. Synthesis of DBCO-PFC-NE

o Q)
o o 4 O
o) N o . 832555}3% \
\/\/\)\0}% dioctadecylamine Y\/\)j\'}‘ R1. EYP
Na,CO,; . R cholesterol, DPPE PFC @ U
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microfluidization O _ O

R =CqgHze

2.1.1 Nanoemulsion Preparation
In a 10-mL dram vial, the lipid layer was formed by adding 95 mg egg yolk

phospholipids (EYP, Sigma-Aldrich), 20 mg cholesterol (Avanti Polar Lipids, Alabaster,
AL), 2.4 mg 1,2 dipalmitoyl-sn-glycero-3-phosphoenthanolamine (DPPE, Avanti), and
5.45 mg DBCO-lipid and dissolved in 2 mL chloroform. The lipid solution was then dried
under a gentle stream of argon gas and constant rotation to ensure an even layer on the
glass surface. The sample was dried overnight under high vacuum. The next day, 122
mg D-mannitol (Sigma-Aldrich) and 4.5 mL of miliQ water were added to the dried lipid
film and subsequently vortexed for 30 s and sonicated for 2 mins (Omni Ruptor 250 W,
30% power, 2 min Omni international, Kennesaw, GA). Then 2.136 g perfluoropolyether
(PFPE, Flobin, Solvay) and 180 mg Cremophor (Sigma-Aldrich) were added to the
solution, followed by a brief vortex and sonication for 2 mins. The crude solution was
passed 5 times through the LV1 microfluidizer (Microfluidics, Newton, MA) operating at
30,000 psi. The emulsion was filtered through a 0.22 um Supor membrane (no. 4187,
Pall, Port Washington, NY) into sterile glass vials. Size characterizations were performed
with dynamic light scattering (DLS, Malvern Zetasizer ZS, Malvern, PA). Fluorine

concentration was determined by °F NMR spectroscopy (Bruker).



2.1.2 Fluorescent assay methodology
For quantification of reactive DBCO, DBCO-PFC-NE was reacted with Alexafluor

488 azide (AF488) in various conditions to produce its fluorescently labeled form (AF-
PFC-NE). Fluorescence measurements were collected by Tecan reader (Infinite
M200PRO, Morrisville, NC). Conditions tested included the following: (i) DBCO mol%
ranges (0.2, 0.5, 1, and 5, n = 4), (ii) Reaction time at 2 hr, 24 hr, and 48 hr timepoints,
(iif) AF488 concentration range (n = 3). Saturated fractions (maximum bound) were
collected and content of AF488 determined by absorbance for each of the selected DBCO
mol% ranges. The amount of AF488 clicked to the surface was calculated from standard
curve. The ratio of reactive DBCO compared to total DBCO added was determined by
equation (1). Since AF488 and DBCO are equimolar based on the click reaction,
concentration of AF488 ([AF488]) was equated to the reactive DBCO concentration
(IDBCOYy). Lastly, the DBCO starting material (([DBCO]r) is compared to its [DBCO]r using
Eq. 1 to yield the percentage of clicked ratio of reactive DBCO to total available in percent
(Rogco). Differences in clicking efficiency can also be identified by comparing Rpeco values
across DBCO mol%.

DBCO
[ Jr x 100%

(1) RDBCO = [DBCO]T

[AF488] Determined oncentration of AF488 in pmol/L

[DBCOJ, Determined concentration of reactive DBCO residues on NE surface in pmol/L
[DECO], Total concentration of DBCO available in solution

Rozco Ratio of reactive DBCO to total available in percent

a Insufficient data for calculation
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2.2 Testing the parameters of DBCO-PFC-NE

2.2.1 Characterization and kinetic stability of DBCO-PFC-NE
We describe a synthetic scheme for DBCO-PFC-NE to allow for the click-and-go

utility. The preparation of unfunctionalized PFC-NE has been well characterized for its
pharmacokinetic properties and shows good stability and biocompatibility®”, so the
synthesis of DBCO-PFC was an adaptation to this procedure. Based on previous
accounts, dioctadecylamine is commonly used as a vehicle for lipid insertion into the
nanoemulsion formulation®®. Perfluoropolyether (PFPE) was selected for the core of the
NE due to the large single peak that appears in'®F NMR which facilitates higher sensitivity
in 19F MRI3940,

The DBCO-NHS reaction with dioctadecylamine produced the amide-linked
product in 90% yield (Scheme 2.1). The DBCO-lipid was then incorporated into the lipid
formulation at various mol% in relationship to the total moles of egg yolk phospholipid
(EYP) content. Testing a range of mol% DBCO gave us insight into whether DBCO load
perturbs physiochemical properties of the NE (e.g. size, stability, dispersity, etc.). In
addition, it evaluates any differences in ligand coupling efficiencies for different % DBCO

content. The minimum DBCO introduced was based on previous studies which showed

Table 2.1. Hydrodynamic size diameters and PDI values of DBCO-PFC-NE

Size (d.nm) PDI

Sample mean SD mean SD
PFC-NE 165.5 2.5 0.109 0.020
0.2 mol% DBCO-PFC-NE 162.5 0.5 0.124 0.018
0.5 mol% DBCO-PFC-NE 166.7 2.7 0.134 0.013
1 mol% DBCO-PFC-NE 168.2 1.3 0.127 0.023
5 mol% DBCO-PFC-NE 167.8 1.7 0.134 0.003

X2 0.1 0.021
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that 0.5 mol% of ligand attached to NE provided optimal uptake?°. Table 2.1 summarizes
size and polydispersity index (PDI) for unmodified PFC-NE and 4 different mol % of DBCO
addition. There are non-significant changes as a result of increasing DBCO concentration
for both size, X? (1, n=3)=0.10, p = .30 and PDI, X? (1, n=3) =0.02, p = .49, indicating
that the addition of the DBCO-lipid did not perturb particle formation or size.

To assess if DBCO-lipid insertion introduced any instability to the PFC, size
changes over time were compared against an unmodified PFC-NE control. Incubation
conditions were selected to simulate the effects of long-term storage in either storage or
in vivo conditions on the nanoemulsions. The methodology used here is seen in previous

reports wherein each nanoemulsion is measured in water (2.1a) or serum (2.1¢) (5% FBS

a b
400 - + HZO at2°C --e--control 400 -+ Serum at 2 °C
~300 F -5 mol% 300 }
= I DBCO I I
C
<200 | ) P 200 } ""’_/T
N B g g Y soa-P.ga— %
D100 100 |
0 .................... O --------------------
c 0 5 10 15 20 d 0 5 10 15 20
400 400
| + H,0 at 37 °C | + Serum at 37 °C
—~300 F 300
£ I I
c
<200 ¢ . 200 F S .
N L OB g g e == g0 o~~F - - - -8
» 100 | 100 }
O .................... O ....................
0 5 10 15 20 0 5 10 15 20
Time (days) Time (days)

Figure 2.1. DLS results for droplet size changes over 19 days for PFC NE (control) and 5 mol% DBCO NE under
various conditions (n = 3). Error bars reflect the standard deviation between three emulsion batches a) Both NE types
were stored in miliQ water and 2 °C. p value = .182. b) Both NE types were stored in DMEM with 5% FBS and 2 °C.

p value = .954. c) Both NE types were stored in miliQ water and 37 °C. p value = .524 d) Both NE types were stored
in DMEM with 5% FBS and 37 °C. p value = .776
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in DMEM) at 2 °C, which has been previously determined to retard the decomposition of
NE (Figure 2.1a). To simulate blood plasma-like conditions, PFC-NE were incubated in
5% FBS -containing media at 37 °C (Figure 2.1b) and at 37 °C in water (Figure 2.1d).
The results comparing the variances show a non-significant change in size
between the control and DBCO-PFC (Figure 2.1, two-tailed unpaired t-test). NE
incubated at 37 °C, shown in Figure 2.1c and 2.1d show an increase in emulsion size
after 3 days which is characteristic of reported decomposition trends for nanoemulsions
in vivo*'. Therefore, we concluded that the DBCO-PFC-NE exhibited similar stability

properties to the unmodified PFC-NE reported in our previous studies®’.

2.2.2 Clicking efficency fluorescent assay

In order to understand the conjugating capacity of the particles and efficiency of
the click reaction, DBCO-PFC-NE were reacted with Alexa Fluor 488 azide (AF488,
Aexem= 494/517 nm) and efficiency of coupling was determined by absorbance
spectroscopy. Bound and unbound ligand, were distinguished through differing elution
profiles through a size-exclusion separation column (Sephadex G50, Sigma Aldrich). In
this system, the larger particles such as AF-PFC-NE eluted faster (Figure 2.2, fractions
1-10) while free AF488 eluted later (Figure 2.2, fractions 15-30). The range of AF488
used for all emulsions was 50 — 200 uM in order to assess changes in binding capacity

over the mol% DBCO range.
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As summarized in Figure 2.2, the absorbance signal for bound AF488 (fractions
4-6) appeared after the addition of 0.5 mol% DBCO and increased in amplitude as the %
DBCO added increased (Figure 2.2c), while the peak for unbound AF488 (fractions 23-
26) decreased. As expected, the higher mol% DBCO concentrations (Figure 2.2d and

2.2e) showed an increase in AF488 conjugation effectiveness with 5 mol% DBCO

3 - [AF488]
5 | 2 200 uM ——150 pM =100 uM =50 pM
2 L
15 Bound Unbound
o [DBCO] //i\
0.5 | e
ol | _gTD'%)(L‘J)/ i —
I |
3 r b | |
25 | |
2 F | [
15 [ |
; | | /f\
05 | | 0 el
oL 7)#777 o 0.2mol%__-= 1| -
3 r c | |
o 25 [ |
e 2t | |
8 451 | |
g | |
o 1r
< o5 | ! -
- R 0.5mol% :
ot _— I e e e = "
3 r | |
25 d | |
) |
L [
2 I |
15 | |
T |
05 P 1 mol% I
ol /I . R ,/r ==
] [ '
3 | |
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15 | I |
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o s e Ve
0 5 10 15 20 25 30
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Figure 2.2. Elution profile of DBCO-PFC-NE reacted with AF488 azide separated by size-
exclusion column (sephadex G50). Absorbance measured with a Tecan plate reader
(Infinite M200OPRO, Morrisville, NC) after 24 hr reaction time. PFC concentration was
normalized for 200 mg/mL

14



2.5
2 hours
8 2 24 hours
S1.5 ——48 hours
=
8 1
fo)
<<0.5
0

0 30

10 .20
Fraction

Figure 2.3. Elution profile of 5 mol% DBCO-PFC-NE reacted with 130uM AF488
azide for several periods of time at room temperature. n = 3 per time condition.

displaying completely bound ligand with no remaining unbound. This suggests that the
binding capacity of the NE has been reached or exceeded. In order to determine the most
effective reaction time for 5 mol% DBCO-PFC-NE, and the click reaction was allowed to
proceed for 2 hr, 24 hr, and 48 hr. As shown in Figure 2.3, it is likely that most if not all
azide is consumed after 2 hours. Quantitative statistical assessment of bound versus free
ligand agrees showing no statistical differences between 2 hr, 24 hr, and 48 hr reaction
periods (p value = .456).

The data in Figure 2.2 was analyzed for relative clicking efficiency (Figure 2.4).
The figure is a simplified over-view which describes the work-flow performed in order to
guantify the important parameters of the reaction such as number of reactive DBCO
residues ([DBCO]r) and the DBCO-clicking rate (Roeco) which can be derived by from the
ratio of reactive DBCO to total DBCO starting material (SM). Our process required the
collection of the bound fractions (typically fractions 1-10) wherein [AF488] present on the
saturated DBCO-PFC-NE (n = 4) was quantified by an AF488 standard curve (see section

2.1.2 for detailed methods). All DBCO concentrations except for 0.2 mol% DBCO were

15



assessed due to the limited fluorophore present for detection even with fluorescence

spectroscopy. Figure 2.4 illustrates how the fractions from bound region at each mol%

AF-PFC-NE Standard curve
3 r
Q -~
bs) :
collect measure 52 /
fractions absorbance £
—— ——- 8 1 el y =0.0119x- 0.0052
g | 7
0 M M M M
0 100 200
AF488 concentration
(Mmol/L)
DBCO [DBCO], Rpsco
(mol%) (umol/L) (%) [AF488]= [DBCO],
0.22 - -
0.5 12.6 £3.3 11.6+5.2 . [DBCOY, oo o
— = X
1 419£123  19.3+97 PBCO = [DBCO], ’
5 2349+ 16.5 216+ 26
[AF188] Determined oncentration of AF488 in pmol/L
[DBCOJ. Determined concentration of reactive DBCO residues on NE surface in pmol/L
[DBCO/J Total concentration of DBCO available in solution
Rppco Ratio of reactive DBCO to total available in percent
a Insufficient data for calculation

Figure 2.4. Work-flow for fluorescence quantification assay

DBCO assessed were compared against a calibration curve to help determine [DBCO]r
and Rpeco values. The results displayed statistically significant increases in [DBCO]r
showing a 3.3 fold increase from 0.5 to 1 mol% and a 5.6 fold increase from 1 to 5 mol%.
Rpeco values represent a % yield of sorts for reactive DBCO compared to the SM DBCO
added. The highest efficiency of clicking was found for 5 mol % DBCO with 21.6 £ 2.6 %
reactive DBCO relative to starting material DBCO added. In the future, work can be done
to increase the efficiency by exploring other lipid tails attached to the DBCO to improve
positioning of DBCO at the surface of the NE after the emulsification process. The 5 mol%

PFC-NE were used for the in vitro and in vivo assays.
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Chapter 3. Biological Studies of Click-ready DBCO-PFC-NE
3.1 Methodology

3.1.1 RAW 246.7 cells.
Frozen RAW 264.7 cells (Abcam), were thawed and maintained in DMEM x1

media containing 5% FBS in T75 flasks (Sigma). Incubated in 37 °C at 35% COo..

3.1.2 In vitro cell cytotoxicity assay
RAW 264.7 cells were plated at a density of 100,000 cells per well (36 wells total)

in clear bottom 6-well plates (Corning, Inc., Corning, NY) and were allowed to adhere.
Wells (n = 3, per condition) received: (i) PFC-NE dose range (2-10 mg/mL, control), (ii)
DBCO-PFC-NE dose range (2-10 mg/mL), or (iii) AF-PFC-NE dose range (2-10 mg/mL).
After overnight incubation (16 hours), cell-plates were washed twice with 1% sterile PBS
and incubated with 0.25% trypsin resuspension buffer (2 mL per well) for 5 min. Then
DMEM media is added (8 mL per well) and extracted into a 10-mL sterile Falcon tube. An
aliquot of suspended cells (10 pL) is mixed with trypan blue staining (10 pL) in a 96-well
plate and assayed with a Countess Il FL Cell Counter (Life Technologies). The relative

cell cytotoxicity was obtained by normalization to the non-dosed control.

3.1.3 Paw Inflammation Model
All animal work was approved through the University of California, San Diego,

Institutional Animal Care and Use Committee (IACUC). In vivo studies were performed to
confirm colocalization of AF-PFC-NE '°F and fluorescence signals to the site of
inflammation (the right paw). Female mice (n = 3) mice 4-6 weeks of age (ICR CD-1,
Envigo) received subcutaneous injections in the right paw, each containing 0.5%
carrageenan solution in 0.9% saline solution. After 1 hour, each mouse received 112
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mg/mL AF-PFC-NE in TRIS-HCL buffer (2% propylene glycol) by intravenous (V)
injection via tail-vein. Once inflammation was established by measuring paw sizes,(~4
mm size) after 24 hours, fluorescence and °F signals were measured by

bioluminescence imaging (BLI) and °F MRI respectively.

3.1.3 Bioluminescence imaging (BLI)

All mice underwent serial fluorescence detection using BLI (IVIS, Perkin Elmer,
Waltham, MA) one hour after receiving AF-PFC-NE. Prior to BLI, mice received hair
removal with Nair treatment to reduce background autofluorescence. A white-light body
surface image was collected, followed by an image of the spatial distribution of photon
counts rendered in pseudo-color, which was overlaid onto the surface image. Quantitative
analysis of the radiance flux (photons/s) was performed with the Living Image Software
(Perkin Elmer, Waltham, MA) by defining identical regions of interest covering the left
(control) and right paws. Following measurements, paw-sizes were measured using a

caliper.

3.1.4 Magnetic Resonance Imaging (MRI)
Mice were anesthetized with 1-2% isoflurane in Oz and positioned an 11.7 T

Bruker BioSpec preclinical scanner with a dual-tuned *H/'°F birdcage volume coil. Animal
temperature was regulated, and respiration was monitored during scans. A reference
capillary with the AF-PFC-NE was positioned in the image (field of view) FOV. Lower body
'H anatomical images were acquired using the (rapid acquisition with relaxation
enhancement) RARE sequence with TR/TE = 1250/15 ms, RARE factor 6, matrix 256 x

192, FOV 40 x 30 mm, slice thickness 1 mm, 20 slices, and 6 averages. Lower body '°F
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images were also acquired using a RARE sequence with parameters TR/TE = 1000/20
ms, RARE factor 8, matrix 48 x 320, FOV 40 x 30 mm, slice thickness 2 mm, 10 slices,
and 300 averages. The total number of fluorine atoms per voxel in tumor regions were
estimated directly from 3-D interpolation of regions of interest (ROI) by segmenting
around relevant *°F signals (right paw, left paw, and liver), and ROI voxel intensities were
displayed as histograms (Figure 3.2). For display, °F images were adjusted to remove
background noise, and *H/*°F renderings were performed in VivoQuant™ (Invicro) by

overlaying *H (grayscale) and '°F (hot-iron scale) slices.

3.1.5 Immunohistochemical analysis

After imaging, the right and left paws of each animal were embedded in optimal
cutting temperature (OCT) compound (Sakura Finetek USA, Inc., Torrance, CA) and
stored at —80 °C. All tissues were cryosectioned (CM1950, Leica Microsystems Inc.,
Buffalo Grove, IL) at 10 uym thickness. Sections were fixed with 4% paraformaldehyde,
stained for macrophage cells using Alexa Fluor 647 anti-rabbit mannose receptor
(ab64693, 1:500 dilution, donkey anti-rabbit, Abcam) and for nuclei using Hoechst dye
(1:500) and then mounted. Fluorescence images were acquired on an Axiovert 40 CFL
microscope (Zeiss, Thornwood, NY) using a x5 objective. Confocal images were acquired
on a Leica SP5 2 confocal system with a Leica DM 6000 CFS microscope and a x63

immersion objective.
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3.1.6 Statistical analysis
Measurements are presented as mean + SD. We performed unpaired T-tests with
unequal variances to compare in vivo groups. Two tailed p values <0.05 were considered

statistically significant.

3.2 in vitro/in vivo results of DBCO-PFC-NE

3.2.1 Cytotoxicity of DBCO-PFC-NE

The cytoxicity of DBCO-PFC-NE was assessed on RAW 246.7 cells.
Approximately 1 million cells were incubated with 2-10 mg/mL doses of DBCO-PFC-NE,
AF-PFC-NE, and PFC-NE control (n = 3) overnight at 37 °C. Viability was assessed by
trypan blue live/dead staining. As shown in Figure 6, there was no statistically
significant difference from control for any concentration tested for either DBCO-PFC-NE

or AF-PFC-NE (p values = .528, .583, .914).
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Figure 3.1. Cytotoxicity assay dosing RAW 246.7 macrophages with various concentrations of
click-ready (DBCO-PFC-NE) and fluorescent click conjugated (AF-PFC-NE) particles (n =3).
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Figure 3.2. In vivo BLI and *H/*®F MRI overlay showing localization of i.v. injected AF-PFC-NE in paw inflammation
CD-1 mice. (a) BLI images of paw inflammation CD-1 mice 24 h post 5% carrageenan injection (n = 3) and
fluorescence intensity presented on a ‘hot iron’ scale bar. (b) Composite *H/*®*F MRI images of torso and abdomen
of injected mice showing °F signal represented by the ‘hot iron’ scale. Quantification confirmed higher uptake of the
particles in the injured right paw. (b,top) Torso visualization showed signal in other immune cell-dense regions as
seen in liver and spleen. (b, bottom) Abdomen visualization showing high signal in inflammation in the injected leg,
which was confirmed by quantification through °F NMR spectroscopy.

3.2.2 Imaging AF-PFC-NE in MRI/BLI in vivo

To evaluate the multimodal efficacy of click-labeled nanoemulsions to display
overlapping fluorescence and '°F signal in vivo, Band 'H/'®F MRI signals were measured
after intravenous (i.v.) injection of AF-PFC-NE (112 mg/mL) into the tail-vein of CD-1 mice
with paw inflammation induced by carrageenan injection. PFC agents have been shown
to be internalized by immune cells by endocytosis in multiple studies*2. It was expected
that the AF-PFC-NE fluorescence and '9F signals would colocalize in the induced paw.
Figure 3.2a shows whole-body images of mice 24 h after injection of 5% carrageenan
solution in the right paws (n = 3). Since only the right-paw was injected with the
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inflammation solution, the left-paw was measured as control. Images showed bright
emission in the right paw that was significantly higher than the left paw (p = .009, t-test).
The mice also showed varying degrees of background signal due to skin irritation caused
by the hair removal procedure; these were evident as signal behind the head of all 3 mice
and on the left side of the torso on the mouse on the left. MRI measurements detected
large '9F signal in the right paws of each mouse with significant difference between left
and right paws (p = 0.039, t-test). Combined, the BLI and MRI images show that we can
observe AF-PFC-NE fluorescent and F-19 signals colocalize to the inflamed regions in

this paw inflammation model.

R2i)
EkEs

Figure 3.3. Confocal images of inflamed paw tissue. Overlay of DAPI (blue), mannose receptor (red, ab6493, Abcam),
and AF488 (green) is shown. (Top) Panels a, b and ¢ show progressive zoomed image of IHC stained left paw slice
with macrophage presence and absence of AF488. (Bottom) Panels d, e, and f show progressive zoomed in views
confirming cytoplasmic localization of AF488-PFC-NE in macrophages. Scale bars are in 0 - 25 um (white), 0 — 12 um
(green), and 0 — 6 um increments.

Left paw (control)

Right paw
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To confirm that the NE localized to inflammatory cells, immunohistochemical (IHC)
analysis was performed on the right and left paws and imaged with confocal microscopy.
From previous reports demonstrating IV injections of plain PFC-NE, the plain
nanoemulsions have a tendency for endocytic uptake by immune cells including
macrophages in areas of inflammation. Macrophages were stained for mannose
receptors using Alexa Fluor 564 secondary antibody (red) and co-localization between
mannose positive macrophages (red) and AF-PFC-NE (green) was shown. Figure 3.3 is
a representative confocal image for the right paw. Several macrophages are evident with
strong red signal, overlapping with the cytoplasmic green signal from AF-PFC-NE. IHC
analysis of the left paw showed presence of macrophages, however no presence of AF-
PFC-NE, which supports that the DBCO-PFC-NE preferentially migrated and localized in
the inflamed right paw but not the contralateral control (left paw). One possible
explanation for seeing macrophages in both paws is that there are macrophages all
throughout the biological system. Regarding our observations of both paws, this shows a
successful aggregation of AF-PFC-NE into the inflamed paw as observed with "°F nuclei

via MRI and fluorescence via BLI.
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Chapter 4. Preliminary Selectivity Assessment of SD-PFC-NE
4.1 Methodology

4.1.1 Synthesis and Characterization of SDA
Scheme 4.1. Synthesis of SDA
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OH OH *n 0 N
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formamide, Ar), 30°C, 3h R = SO5", or H
SD2 = 15 N3/ monomer
SD3 = 24 N3 / monomer
Sulfated dextran (SD) has been reported to have strong affinity for the scavenger

receptor A (SRA) expressed uniquely by M2 macrophages. SD azide functionalization
(SDA) was performed in a two-step synthesis using reported methods (Scheme 4.1). First
3-azidopropanyl carbonlyimidazole (AP-Cl) was added to a dextran solution dissolved in
DMSO at 50 °C for 20 hours. The product was purified by dialysis for 72 hours and
lyophilized to be added to a solution of formamide, 2-methyl-2-butene, and sulfur trioxide
pyridine. The product was then purified by dialysis and produced SDA in 80% yield and
characterized by "H NMR spectroscopy. We varied equivalents of AP-Cl to determine if
azide per ligand substitution affects conjugation with the nanoemulsion. SDA versions
with 5, 15 (SD2), and 24 (SD3) azides per dextran 10kDa monomer were produced.
Estimation of azide substitution was determined by Fourier-transform infrared

spectroscopy (FTIR).

4.2 Results and discussion

4.2.1 Optimization of SDA attachment
Quantification of SDA attachment offers a unique challenge that may be solved

through several methods. We chose to label the SDA types with a small amount of
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fluorescent alkyne to fluorescently identifying clicking after size exclusion separation.
Sulfo-Cy5 was chosen due to its high polarity to deter it from simply sticking to the
lipophilic emulsion surface. A copper-catalyzed click reaction was then performed by
reacting sulfo-Cy5 in an aqueous solution of SDA, MOPS buffer, tris (benzltriazolymethyl)
amine (THPTA), sodium ascorbate and CuSQOa4 for 1.5 hours under Ar (g) (Figure 4.1A)*3,
The product was then purified with size -exclusion chromatography (Sephadex-G50)
followed by lyophilization to determine mass and absorbance for its ratio of fluorophore
to SDA.

DBCO-PFC was saturated with the two Cy5-SD types (SD2 and SD3) and
separated by size exclusion chromatography (Sephadex G200). The bound fractions
collected were measured for Cy5 concentration by absorbance (A = 649 nm) and adjusted
by their Cy5 per monomer ratios to represent the SDA ligands. Boundmax mol% represents
the ratio of ligand to total DBCO (Figure 4.1B). For reference, AF488-azide is the control
which requires 33.3 mol% to saturate the nanoemulsion. It appears that more SD3 ligand
can bind to DBCO-PFC than SD2 (comparing 42.5 to 20.4 mol% respectively). SD3 has
increased probability for reaction by having more azides per monomer, and a greater
coupling ratio is observed as a result. With increased attachment of SD3 comes a loss in
azide efficiency with excess 5 eq. (azide per DBCO). These results will assist in selecting
reasonable concentrations to assess whether SD2 or SD3 promotes greater cellular

uptake.

4.2.2 Optimization of SD-PFC-NE uptake in vitro
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Unstimulated macrophages were used as a preliminary strategy to rapidly assess
suggested dose and labelling concentrations of SD-PFC. Assays were performed by co-
incubating the RAW 246.7 macrophages, an immortalized, adherent cell-line, with
Dulbecco’s Modified Eagle Media (5% fetal bovine serum) and the PFC nanoemulsions.
Following the incubation period, two washes were performed with phosphate buffer
solution to remove cellular debris and free PFC. A small amount of trypsin as added to
suspend cells in media for cell counting. After centrifugation and the addition of lysis
buffer, a fraction of cells was extracted for '°F quantification via °F NMR using a
trifluoracetic acid reference. All analyses were performed in triplicate.

The first assay performed compared the effects of the nonfluorescent SDA types
at fixed concentrations of SD and PFC and their uptake in cells for 10 hours (Figure 4.2A,

top). In comparison with the control, plain PFC nanoemulsions (without 1), both SD2 and

Y

332 4 DBCO-PFC

Azides Bound

Boundmax  Boundmax

Sample “g:;d (nfglf/o) (mol% ligand)  (aq. azide/DBCO)

AF488 1 - 33.3+£1.3 0.33x0.01
SD2 15 22 204 +1.0 3.06 £0.15
SD3 24 24 425+15 493+0.18

Figure 4.1. Fluorescent quantification of SDA attachment. (A) Sulfo-Cy5 attachment to SD (2,3) via Cu(l)
catalyzed click reaction 4: SD(2,3) (1 eq.), sulfo-Cy5 (2 eq.), CuSO4 (1 eq.), THPTA (2.5 eq.), Na-
ascorbate (20mM), and MOPS (50 mM) in water for 1.5h. (B) Maximum binding of ligands to DBCO-PFC
with AF488, SD2, and SD3 in 5 mol% 1. Bound Cy5 mol% is the ratio of umol Cy5 to pmol dextran
monomer. Boundmax mol% ligand ratio of pmol ligand to pmol DBCO. Boundmax €q. azide/DBCO is ratio
of umol azides to umol DBCO. Quantification was determined by absorbance spectroscopy after
separation with size exclusion chromatography (A = 649 nm, n =3).
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3-PFC showed a significant increase in °F uptake. High viability was also observed for
each, indicating that SDA conjugation did not significantly increase cytotoxicity (Figure
4A, bottom). These promising preliminary results showed higher uptake of macrophages
of SD-PFC. However, the difference between SD2-PFC and SD3-PFC significant (p value
< 0.05) which may be a consequence of the different azide distribution per chain for the
two types (15 azides per ligand and 24 azides per ligand respectively). However, less
SD3 is required to saturate compared to SD2 seen in the fluorescent assays indicates
that more SD was incorporated at higher concentrations compared to SD2. As a result,

SD3 will be used in future cellular assays.
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Figure 4.2. The effect of uptake due to SD-PFCs conjugation incubated with RAW 246.7 macrophages. (A)
Cell uptake and viability varying SD-PFC types, 1 equiv of SD3 and SD3 (azide per DBCO) each, at 4 mg/mL
PFC compared to plain-PFC after 10 h incubation (n=3, no significant differences noted between uptake and
viability SD2 and SD3). (B) Cell uptake and zeta potential for SD3-PFC varying mol% SD3 after 18 h incubation
(n=3). (C) Cell uptake and viability for varying doses of SD3-PFC based on mg/mL PFC compared to plain
PFC control (white bars) (n=3).

In order to determine the optimal mol% SD3 which promotes greatest uptake
compared to plain-PFC nanoemulsions, another cellular assay was performed (Figure
4.2B, top). To complement the fluorescent assays, the same mol% concentration range
of SDA was used with a fixed concentration of DBCO-PFC for 48 hours. Surprisingly, 8.5
mol% SD3 had the highest '°F uptake. This deviates from the assumption that ligand
saturation leads to better uptake. Additionally, 8.5 mol% SD3 has the most negative zeta
potential out of the concentrations tested (Figure 4.2B, bottom). This was a curious result
and we speculate that there was a reduction of sulfate presentation in its aqueous
environment from increasing mol% SD3. The SRA binding-site has a high affinity for

charged macromolecules which could explain the greater uptake of a stronger anionic
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emulsion®®, Nevertheless, these results indicate that 8.5 mol% SD3 should be used for
clicking to DBCO-PFC.

Lastly, a dose-response assay was conducted using SD3-PFC under the optimal
conditions determined (Figure 4.2C, top). DBCO-PFC nanoemulsions had reacted with
8.5 mol% SD3 for 48 hours and later incubated with cells in various doses of PFC. As
expected, both the control and SD3-PFC showed an increase in uptake at higher
concentrations until doses = 10 mg/mL which then begun to display a subtle plateau in
uptake. This is representative of the canonical sigmoidal uptake curve with increasing
PFC. Cell viability appears to diminish with higher concentrations. It appears cells
responded with better uptake and cell-viability between 2 mg/mL to 10 mg/mL SD3-PFC.
In summary, the dose-response curve provides more evidence that SD3 is a suitable

ligand for assisting in the preferential uptake of PFC nanoemulsions in macrophages.
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Chapter 5 Conclusion and Outlook
5.1 Limitations of current experiments

As mentioned in section 2.2.2, the DBCO-clicking yield (Rpsco) at its best was
reported at 21.6% (Figure 2.4) which may be the result of the lipid anchor used to modify
the DBCO molecule. A possible explanation for this low result was mentioned to be
attributed to the directional confusion of the DBCO-lipid embedding its reactive alkyne
into the surfactant layer instead of being exposed in solution. One possible solution would
be to increase the amphiphilicity of the DBCO-lipid by introducing a phosphate group
separating the lipid-tail and the DBCO head group. The phosphate group would
encourage the DBCO head group to be on the exterior of the molecule as the lipid-tail
anchors itself in the surfactant layer as a result of the hydrophobic-effect during
emulsification. If this works, we can expect to see an increase in the Rpeco overall creating
a more efficient reaction.

Another concern is that all prospective ligands are required to have the azide
reactive group for attachment to DBCO-PFC-NE. Fortunately, due to the high demand of
the azide functional groups for molecules, there are many methods reporting successful
azide functionalization for a diverse range of molecuels (Figure 5.1)*. Since peptides are
one of the most common targets of functionalization, several approaches have been
developed for adding azide functionality is to utilize azide molecules with leaving-group
N-hydroxysuccinimide (NHS) to perform the simple substitution reaction on either amine
groups which is seen implemented in Scheme 4.1. Larger peptides are more difficult to
modify due to the increased pressence of reactive lysine and cystine residues which can
nonselectively react with NHS-azides. Fortunately, there is a strategy to circumvent this

issue that uses unnatural amine acids (UUAs) in solid-phase peptide synthesis*®. Since
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we expect to modify peptides, antibodies, oligiomers, and small molecules for ligand
conjugation, it is advantagous to consider these strategies.
0
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Figure 5.1. Summarization of various azide-modification strategies. a) Reaction scheme for functionalization of
primary amines with NHS ester. b) Reaction scheme for azide functionalization of carboxylic acid using NHS ester,
where the couple agent would be 1-ethyl-3-(dimethylamineopropyl)carbodiimide (EDC) orN,N*-
dicyclohxylcarbodiimide (DCC). c) Reaction scheme for azide functionalization of a thiol using maleimide.

Another concern is the inherent stabililty of nanoemulsions to degrade under
various conditions. Nanoemulsions are thermodynamically unfavorably systems which
explains their common trend towards instability. For better or for worse, nanoemulsions
have specfic rates for degredation depending on many factors, notably their sufactant
composition and physical environment. However, as demonstrated in this thesis, there
are methods to check some of the important properties for stability using DLS (Figure
2.1). In this way, the stability of future nanoemulsions can be characterizedusing this

method.
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5.2 Conclusion and future perspectives

To summarize, we report a novel bioconjugation method for PFC-NE that uses
copper-free click chemistry to attach targeting ligands, and we demonstrate successful
clicking of a fluorescent azide as proof-of-concept. Overall, the click modification shows
excellent reactivity in the mild conditions using water and room temperature conditions.
The clicked AF-PFC-NE product successfully display dual fluorescence and '9F signals
in the inflamed paw of the mouse model.

The selectivity of SD-PFC will be examined from uptake assays which isolate M1
or M2 macrophage proliferation. Utilizing the established protocols for M1 and M2
stimulation, we will incubate SD-PFC in both conditions and compare their uptake. If SD-
PFCs show preferential uptake in M2 macrophages, then a competitive binding assay will
be performed, which will measure its binding in the presence of free sulfated dextran to
compete for binding sites. If these experiments are successful, we will conduct several
MRI experiments visualizing and quantifying the bioaccumulation of SD-PFC injected in
healthy mice and those with acute inflammation. These will compare whether the SD
modified PFCs show significant differences compared to the control.

Click-ready PFC-NE have the potential to streamline preparations of PFC for
molecular imaging by '°F MRI. Simple coupling to azide-modified ligands would facilitate
targeting strategies for many desired cell-types. The rapid click reaction and ability to click
post-emulsification opens applications to ligands that are more sensitive to manipulation,
and to harsh temperature and pressure conditions experienced during emulsification. The
ready availability of many commercial, azide-functionalized ligands offers an accessible

resource for biological laboratories and clinics to simply modify click-ready PFC with
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targeting ligands of choice. This synthetic ease has the potential to facilitate wider

adoption of '®F MRI for molecular imaging by interested researchers.
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