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We describe an in vivo imaging probe platform that is readily modifiable to
accommodate binding of different molecular targeting moieties and payloads for
multimodal image generation. In this work, we demonstrate the utility of perfluorocarbon
(PFC) nanoemulsions incorporating dibenzocyclooctyne (DBCO) by enabling post-
emulsification functionalization via a click reaction with azide-containing ligands. The
addition of DBCO-lipid to the surfactant in PFC nanoemulsions did not affect
nanoemulsion size or nanoemulsion stability. As proof-of-concept, fluorescent dye-azides
were conjugated to PFC nanoemulsions, demonstrating the feasibility of functionalization
the by click reaction. Uptake of the fluorescent PFC by macrophages was demonstrated
both in vitro in cultured macrophages and in situ in an acute inflammation mouse model,
where fluorescence imaging and 'H/'°F magnetic resonance imaging (MRI) were used for
in vivo detection. Overall, these data demonstrate the potential of PFC nanoemulsions
incorporating DBCO as a versatile platform for generating functionalized probes.

Fluorine MRI, perfluorocarbon, click chemistry, cell targeting, cell tracking

Our goal is to adorn NE with ligands bearing affinity for
distinct cellular biomarkers as well as moieties for multimodal
imaging. Imaging probes harboring a variety of ligand types
such as peptides, antibodies, polymers, dyes, and chelates are
of the greatest interest.'¥'> Strategies for NE surface
functionalization have been reported using two distinct
methods, including pre- and post-emulsification approaches.'
Pre-emulsification techniques rely on ligand conjugation before
the high-pressure, homogenization process (i.e., microfluidiza-
tion) to form the stabilized NE."”~'? While this method may
be simplistic to implement, ligands must be robust enough to
withstand the extreme shear forces imposed by the
homogenization. In the post-emulsification approach, the
ligand is conjugated to the surface after the emulsification
process is complete.” This requires chemical modification of
the surface of the droplets to introduce functional groups, e.g.,
amine, carboxyl, or sulthydryl. Prior efforts*® have employed

Magnetic resonance imaging (MRI) is a powerful technique
for noninvasively visualizing soft-tissue anatomical morphology
at high-resolution and is a common clinical diagnostic tool. In
vivo cell tracking is a relatively new use for MRI that is making
inroads toward clinical use."”” The °F nucleus is an attractive
tracer probe for in vivo “hot-spot” MRI due to the relatively
high sensitivity, which is comparable to 'H nuclei, and its low
background in biological tissues compared to typical
relaxation-weighted imaging.”* Coincident 'H MRI provides
the anatomical context for image interpretation.
Perfluorocarbon (PFC) oils are a common fluorine tracer
agent due to their F-dense composition, which affords high
MRI sensitivity as well as overall biosafety.” The oils are most
often formulated as nanoemulsions (NEs), which are colloidal
suspensions of PFC droplets, stabilized using a surfactant. Cell
uptake can be achieved by simple coincubation with cells of . : S
irfterest ex vivo, followed b}}: delisery of the labeled cells to the sulfhydryl-based linker chemistry for NE conjugation by the

. . . . . formation of covalent thioether bonds between maleimide and
subject. This approach is particularly useful for following the . .
fate of emerging cytotherapies used to treat cancer 6,7 cysteine groups without the need for metal catalysts. However,

. L . there are reported limitations with this strategy, such as the
Alternatively, NE is injected intravenously, and droplets are p &

taken up by phagocytic cells of the reticuloendothelial system

(RES), including macrophages at sites of inflammation. The August 6, 2021 Navoscrence @
utility of '’F MRI has been demonstrated for imaging stem October 26, 2021

cells,”® various immune cell subsets,”'’ macrophage-associated October 29, 2021

inflammatory diseases, and regenerative medicine. "' Overall, November 11, 2021

F MRI detection is feasible when 10°—10° cells locally
accumulate to generate an image hot-spot.13
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Figure 1. Summary of the strategy used to functionalize NE for ligand conjugation.

Scheme 1. Synthesis of DBCO-PFC NE
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maleimide-linked products being sensitive to hydrolysis,
instability in vivo,”" and the chemistry optimally requiring an
inert atmosphere.”” Functionalized NEs bind successfully to
targets and are stable in proper storage conditions.'®*®
However, current methods for preparing surface-functionalized
nanoemulsions are time intensive and require a multistep
process.

To streamline functionalization, we present a novel method-
ology for efficient moiety attachment using copper-free click
chemistry and click-ready NE. We demonstrate a strategy
commonly known as strain-promoted alkyne—azide cyclo-
addition (SPAAC) to facilitate NE conjugation (Figure 1).
Desirably, this click chemistry occurs in mild reaction
conditions and has low potential for cross-reactivity.”*
SPAAC has been used successfully for a variety of biological
applications, such as radioisotope labeling, live-cell imaging,
and surface modification but has not been adapted for use with
nanoemulsions.”* > Here, we modify the dibenzocyclooctyne
succinimidyl ester (DBCO-NHS ester) linker with a lipid tail,
dioctadecylamine, to facilitate incorporation to the nano-
emulsion surfactant coat and present the reactive cyclooctyne
on the surface of the nanoemulsion. Overall, these NE
compositions can be used with a library of surface attachable
ligand/moieties for targeting, imaging, and cargo delivery. This
ability greatly enhances the utility of perfluorocarbon nano-
emulsions as a flexible tool for multimodal imaging.

The preparation of unfunctionalized PFC NE (control NE) is
well described and characterized for its pharmacokinetic
properties and shows good stability and biocompatibility;*
thus, the synthesis of DBCO-NE builds on this prior work.
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Dioctadecylamine serves as a vehicle for lipid insertion into the
nanoemulsion formulation.”* Perfluoropolyether (PFPE) oil
was selected for the PFC core of the NE, as it displays a single
major '°F resonance and a short T1 relaxation time around 400
ms at 9.4 T.>>7%°

The DBCO-NHS reaction with dioctadecylamine produced
the amide-linked product in 90% yield (Scheme 1). The
DBCO-lipid product was validated by 'H NMR and mass
spectrometry (Figure S1). Chromatographically purified
DBCO-lipid was used for subsequent NE synthesis. The
DBCO-lipid was incorporated into the lipid formulation at
various mol %’s in relationship to the total moles of egg yolk
phospholipid (EYP) content. Table 1 summarizes size and

Table 1. Hydrodynamic Size Diameters and PDI Values of
DBCO-NE

NE types hydrodynamic diameter (nm) PDI
PFC NE (control NE) 165.5 + 2.5 0.109 + 0.020
0.2 mol % DBCO-NE 162.5 £ 0.5 0.124 + 0.018
0.5 mol % DBCO-NE 166.7 + 2.7 0.134 + 0.013
1 mol % DBCO-NE 1682 + 1.3 0.127 + 0.023
S mol % DBCO-NE 167.8 + 1.7 0.134 + 0.003
X 0.1 0.021

polydispersity index (PDI) for unmodified PFC NE and 4
different mol % of DBCO added (0.2, 0.5, 1.0, and 5.0 mol %
DBCO). There are no significant changes with increasing
DBCO concentration for both mean droplet size and PDI,
indicating that the addition of the DBCO-lipid does not
perturb PFC NE size or distribution (Table 1). The minimum
DBCO introduced was based on previous studies showing that
0.5 mol % of ligand attached to PFC NE provided optimal
uptake.'”
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Figure 2. Representative cryoEM images for control NE and DBCO-NE. Control NE (a) and 5 mol % DBCO-NE (c) cryoEM images were

obtained at 11 000X magnification (scale bar = 200 nm). Control NE (b) and S mol % DBCO-NE (d) cryoEM images were obtained at 45 000X
magnification (scale bar = SO nm).
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Figure 3. DLS results for droplet size changes over 19 days for PFC NE (control NE) and 5 mol % DBCO-NE in pure water or proteinaceous
buffer at various temperatures. Error bars reflect the standard deviation for n = 3. (a) No size differences were found for control NE and DBCO-NE
(p = 0.32, 0.035). (b) Size increased over time for both NE types stored in DMEM with 5% FBS at 2 °C (p = 8.99 x 107 for DBCO-NE, p = 9.42
x 107¢ for control NE). (c) No size changes are observed for either NE type in water at 37 °C (p = 0.105 for DBCO NE, p = 0.73 for control NE).
(d) The size change over time was not significant for DBCO NE in DMEM with 5% FBS at 37 °C (p = 0.799), but the size of the control NE
increased over time (p = 2.87 X 107°). Size changes over time were considered significant for p values < 0.01.
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Five mol % DBCO NE was chosen to represent the
morphology of DBCO conjugated PFC NE. Figure 2 shows
the representative cryoEM images for control NE and S mol %
DBCO-NE. As expected, the size of the droplets is slightly
smaller compared to the hydrodynamic sizes measured by DLS
for both control NE and S mol % DBCO-NE. The lipid layer
of the nanoemulsion is clearly shown as a 3.5 + 0.3 nm layer
on the surface of the droplet in 45000X magnified images
(Figure 2b,d).

A number of processes can affect the stability of NE over
time, in solution, including Ostwald’s ripening, perfluorocar-
bons volatility, and lipid oxidation.*® To observe NE stability
and confirm that the addition of DBCO-lipid does not
adversely affect stability, we studied NE and DBCO-NE under
a variety of potential storage conditions in solution. Incubation
conditions were selected to simulate the effects of long-term
storage under refrigeration or a simulated in vivo environment.
Nanoemulsions were stored at 2 or 37 °C in pure water or
Dulbecco’s Modified Eagle Medium (DMEM) with 5% fetal
bovine serum (FBS) as shown in Figure 3. The size of control
NE and DBCO-NE increased significantly over time at 2 °C in
DMEM media with 5% FBS (p value = p = 9.42 X 107¢, 8.99 X
107%). No significant size changes were found for control NE
and DBCO-NE at 2 °C in water (p = 0.32, 0.035). This is not
unexpected as storage in proteinaceous media can result in
coating of the nanoemulsion droplets with protein, effectively
increasing the hydrodynamic size over time. At 37 °C in water
and in DMEM with 5% FBS storage conditions, no significant
size changes over time were found for DBCO-NE (p value =
0.105 and 0.799, respectively). The size of control NE
increased over time under 37 °C in DMEM media with 5%
FBS (p = 2.87 X 107°), but no significant size changes were
found for control NE under 37 °C in water (p = 0.73). At 37
°C in DMEM media with 5% FBS, the size change over time
for control NE was larger than the size change over time for
DBCO-NE (Figure 3d). The sizes of control NE and DBCO-
NE were at least stable for 3 days, which is suitable for in vitro
and in vivo macrophage labeling and imaging. Statistical
analysis was done with a linear mixed model from the Ime4
package and followed by a z test of the model estimated
change over time with the emmeans package in R. Size changes
over time were considered significant for p values < 0.01.

Additionally, we examined whether varying mol % DBCO
content impacted ligand coupling efficiencies. To explore the
conjugating capacity of the NE droplets and efficiency of the
click reaction, DBCO-PFC NEs were reacted with Alexa Fluor
488 azide as a test ligand (Aey/em = 494/517 nm, AF488, Click
Chemistry Tools, Scottsdale, AZ), and coupling was validated
by absorbance spectroscopy. Bound and unbound ligands are
distinguishable via elution profiles through a size-exclusion
separation column (Sephadex G50, Sigma-Aldrich, Milwaukee,
MI). Larger PFC NE droplets elute faster (Figure 4a, fractions
1—10), whereas free AF488 displays slow elution (Figure 4a,
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. As summarized in Figure 4a, the
absorbance signal for bound AF488 (fractions 4—6) appears
with a minimum of 0.5 mol % DBCO and increases in
amplitude as the mol % DBCO increases (Figure 4a, trace C),
while the peak for unbound AF488 (fractions 23-26)
decreases. As expected, the higher mol % DBCO concen-

105

a 25 : A 0 mol% DBCO —+-200 yM 150 pM 100 pM 50 uM
2+
1.:) t Bornd Unbound
05 + : _,///"E\
ot ‘ = | -
3 = I
el B p.z mol% DBCO :
2 ‘ |
15 : |
1 | |
05 I ’ :
0 | |
3 r |
® 25 | [ b.S mol% DBCO |
g 2} ' :
< |
g -
< | 1 ;
05 | 4 |
ol o | =~ P 1 >~
3 b |
D I mol% DBCO |
25 ‘ |
2 | |
15 | |
1 I |
L £
05 = -
o LA N i : -
3 | :
25 |E " mol% DBCO |
b | |
15 I :
)
1 : i I
0.5 /> N |
0 L= . L S . —
0 5 10 15 20 25 30
Fraction
b ;s
2 hours
2
24 hours
8 15 ——48 hours
3
o
5]
i 1
<C
0.5
0 L
0 10 20 30
Fraction

Figure 4. Clicking efficiency profile for DBCO-NE. (a) Elution
profiles of DBCO-NE reacted with AF488 azide separated by a size-
exclusion column. AF488 clicked to DBCO-NE; AF488-DBCO-NE
elutes more rapidly in fractions 1—10 while unbound AF488 elutes in
15—-30. (b) Elution profile of S mol % DBCO-NE reacted with 130
UM AF488 azide for three different reaction times at room
temperature (n = 3 per time condition). No significant difference in
absorbance, a measure of the amount of AF488 clicked to 5 mol %
DBCO-NE, was observed.

trations (Figure 4a, traces D, E) show an increase in AF488
conjugation effectiveness with 5 mol % DBCO displaying
complete ligand binding. The observed plateau in bound ligand
suggests that the binding capacity of the DBCO-NE has been
reached or exceeded. We further evaluated optimal reaction
times using S mol % DBCO-NE. The click reaction was
assayed at 2, 24, and 48 h. As shown in Figure 4b, the reaction
appears to saturate by 2 h with no significant changes
thereafter (p value = 0.456).
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Figure 5. DBCO-NE click efficiency evaluation. (a) AF488-DBCO-NE absorbance standard curve, which was used to determine reactive DBCO
concentration on NE. (b) Summary of relative clicking efficiency for DBCO-NE.

Relative clicking efficiency, Eppco, was defined as the ratio of
the number of reacted DBCO residues ([DBCO],) compared
to the total added DBCO ([DBCO]y, eq 1). We collected
bound fractions (1—10), and [AF488] present on the saturated
DBCO-NE (n = 4) was quantified by measuring absorbance on
a plate reader (Infinite M200PRO, Tecan, Morrisville, NC)
aided by the AF488 standard curve (Figure S). The 0.2 mol %
DBCO sample had no detectable absorbance. Figure 5 shows
statistically significant changes in [DBCO], with a 3.3-fold
increase from 0.5 to 1 mol % and a 5.6-fold increase from 1 to
S mol %. The highest efficiency of the click reaction occurred
for S mol % DBCO with 21.6 + 2.6% reacted DBCO relative
to total DBCO added as starting material. The S mol %
DBCO-NE was used for all in vitro and in vivo assays described
below.

[DBCO],
[DBCO],

DBCO = X 100%

(1)

Preliminary cytotoxicity of DBCO NE was assessed on
macrophages (RAW 264.7 cells, ATCC, Manassas, VA) and
compared to treatment with control NE (PFC NE) and
AF488-DBCO-NE (fluorescent dye click-conjugated NE). One
million cells per condition were incubated overnight at 37 °C
with ascending doses ranging from 2 to 10 mg/mL PFPE in
DBCO-NE and AF488-DBCO-NE (n = 3). Viability was
assayed by trypan blue staining. As shown in Figure 6, no
statistically significant differences were found for cell viability
between control NE, DBCO-NE, or AF488-DBCO-NE within
same incubated concentration. However, when RAW 264.7
cells were treated with 8 mg/mL (PFPE concentration)
DBCO-NE, cell viability decreased (p = 0.0018), and cell
viability decreased when treated with 10 mg/mL (PFPE
concentration) of control NE, DBCO-NE, or AF488-DBCO-
NE (p = 0.00059, 7.74 X107°, 0.00037, respectively). Cell
viabilities are above 80% under all treatment conditions. The
statistical analysis was done by using a generalized linear model
ANOVA from the Ime package, and p values are corrected for
multiple comparisons within a given outcome with the
Bonferroni-Holm correction for 30 tests in R.
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Figure 6. Cytotoxicity assays with click NE. RAW 264.7 macrophages
were incubated with various concentrations of click-ready DBCO-NE
or fluorescent click conjugated AF488-DBCO-NE (n = 3), and no
significant differences compared to control NE treated cells were
observed. Cell viability decreased when treated with 10 mg/mL PFPE
in control NE and AF488-DBCO-NE (p = 0.00059, 0.00037).
DBCO-NE treated cells showed lower viability when treated with 8
mg/mL or a higher concentration of PFPE (p = 0.0018, 7.74 X107°).
Cell viability was above 80% under all conditions.

We performed proof-of-concept rodent experiments using
whole-body fluorescence imaging and 'F MRI to confirm
probe stability and detectability in vivo. All animal experiments
followed protocols that were approved by University of
California San Diego’s Institutional Animal Care and Use
Committee. We used an acute inflammation model in female
CD-1 mice.”” 1% carrageenan solution in saline was injected
subcutaneously into the right hind footpad (n = 3, ICR CD-1,
Envi§o, Indianapolis, IN) to induce a progressive edema within
4 h.>** On the same day, AF488-DBCO-NE (0.3 mL, 112
mg/mL, 324 uM AF488/DBCO) was injected via tail vein.
The clearance kinetics of PFC NE and the '°F MRI signal are
well described in the literature,"”*" and the inflammatory
lesion in the paw edema model subsides in 2—3 days;"” thus,
the 24 h post-injection imaging time point was chosen. At 24 h
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Figure 7. Localization of in situ AF488-DBCO-NE labeled immune cells in a mouse model of acute inflammation. (a) In vivo fluorescence images of
hindquarters of female CD-1 mice 24 h after tail vein injection of AF488-DBCO-NE injection (n = 3). Fluorescence intensity is presented on a
“hot-iron” color scale bar. The right paw and leg display signal hot-spots, indicative of AF488-DBCO-NE localization to the site of inflammation.
(b) Quantification of the fluorescence intensity confirms a higher signal in the inflamed right paw. (c) Composite 'H/'°F MRI of torso and
hindquarters (upper and lower panels, respectively) showing the 'F signal in hot-iron scale with 'H in grayscale. The signal is evident in the
inflamed right paw and in the liver (part of the RES clearance pathway). (d) Quantification of '°F content of hind paws using region of interest
volumetric analysis. The differences were considered significant with p values of * < 0.05 and ** < 0.01 as shown.
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Figure 8. Confocal images of mouse paw in acute inflammation model showing in situ macrophage labeling with AF488-DBCO-NE. Overlays of
nuclei (blue), mannose receptor (red,) and AF488-DBCO-NE (green) are shown. The control left paw slice displays minimal macrophage presence
and low levels of AF488-DBCO-NE. In contrast, prominent intracellular localization of AF488-DBCO-NE in macrophages in the inflamed right

paw is observed. Scale bars = 20 ym.

post-injection, anesthetized mice were imaged in vivo. Figure
7a shows a characteristic example of whole-body fluorescent
images (IVIS, PerkinElmer, Waltham, MA), which display an
intense hot-spot in the injected right paw compared to the
contralateral control paw with a significant 4-fold higher
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emission (Figure 6b, p = 0.009, t test). In the same animals, '°F
MRI (Figure 7c) also displays prominent hot-spots in the
injected paw with 4-fold greater signal than the control side
(Figure 7d, p = 0.039, t test). Notably, the liver signal,
consistent with RES clearance of the probe, is prominent in the
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F MRI but not in fluorescence due to tissue opacity blocking
fluorescent signal. In the optical images, there are small
fluorescence foci observed in the tail vein for mouse 2; this is
presumably due to inflammation from the slight wounding that
occurs during the tail vein injection. Combined, the whole-
body fluorescence and '"F MRI images demonstrate the
feasibility of using AF488-DBCO-NE as a multimodal imaging
agent. Moreover, the hot-spot coincidence between the two
imaging methods suggests that the fluorescence and '°F signal
generating molecules remain stably complexed for at least 24 h
in vivo.

To confirm that the AF488-DBCO-NE localized predom-
inately to cells of macrophage phenotype, immunohistochem-
ical (IHC) analysis was performed on the right and left paws
using confocal microscopy. Necropsied paws were embedded
in cryo-media, sectioned, then stained with antimannose
receptor antibody (ab64693, Abcam, Waltham, MA), and
detected using anti-rabbit IgG Alexa Fluor 647 antibody
(A27040, ThermoFisher, Pittsburgh, PA). The cell nuclei were
counterstained with Hoechst 33342. Co-localization between
CD206" macrophages (red) and AF488-DBCO-NE (green) is
observed in the right paw only (Figure 8). These observations
support the view that the probe preferentially localizes in the
inflamed right paw but not in the contralateral control,
consistent with the in vivo imaging results.

To summarize, we report a novel bioconjugation method for
PFC NE that uses copper-free click chemistry to attach
fluorescent dye, and we demonstrate successful clicking of a
fluorescent azide as proof-of-concept. Overall, the click
modification shows excellent reactivity in mild conditions in
water at room temperature. Approximately 21% of the
introduced DBCO was available for the click reaction.
Potentially, the reaction efficiency could be increased by
extending the DBCO group further from the surface to
improve accessibility for click reactions. The clickable AF488-
DBCO-NE formulation, suitable for intravenous injection and
in situ macrophage labeling, successfully displays dual-mode,
coincident fluorescence, and '°F MRI signals in a mouse model
of acute inflammation.

Click-ready DBCO-NE has the potential to streamline
preparations of PFC NE for molecular imaging. The rapid click
reaction and ability to click post-emulsification enable
nanoemulsions to be used in applications requiring ligands
that are sensitive to harsh temperature and pressure conditions
experienced during emulsification procedures, such as anti-
bodies, peptides, proteins. Moreover, coupling of a variety of
azide-modified ligands could facilitate targeting to desired cell
phenotypes as well as therapeutic cargo delivery. The
availability of many commercial, azide-functionalized ligands
offers a convenient resource for biological laboratories to
readily modify click-ready NE for customized applications, for
example, using cancer biomarkers to track distant metastases or
inflammation biomarkers to visualize a localized infection.
Also, "F MRI with different PFC oils has the potential to
image multiple targets simultaneously, for example, by using
two different PEC oils with different chemical shifts, which can
be resolved using '°F MRI.
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Video file showing 360° views of the mouse 3, in Figure
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