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Abstract

Recently, it has been shown that amphiphilic dyes such as Indocyanine Green (ICG) and
Protoporphyrin IX (PpIX) can solubilize hydrophobic colloids and/or drugs by driving the
formation of stable nanoemulsions. These nanoemulsions are unique in that they can be composed
entirely of functional and clinically-used materials; however, they lack bio-orthogonal chemical
handles for the facile attachment of targeting ligands. The ability to target nanoparticles is
desirable because it can lead to improved specificity and reduced side effects. Here, we describe
variants of ICG and PplX with azide handles that can be readily incorporated into dye-stabilized
nanoemulsions and facilitate the attachment of targeting ligands via click-chemistry in a simple,
scalable and reproducible reaction. As a model system, an anti-Her2 affibody was site-specifically
attached to both ICG and PplX-stabilized nanoemulsions with encapsulated superparamagnetic
iron oxide nanoparticles.
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Nanoparticles have recently garnered a significant amount of attention as a platform for drug
delivery because of their ability to reduce off-target effects, extend drug circulation, and
improve the treatment of disease.13 This has led to the development of a diverse array of
nanocarriers, which include liposomes; dendrimers; polymeric micelles; silica; metallic
nanoparticles (e.g. silver, gold, iron oxide); and carbon nanotubes.*-® Almost all currently
existing nanocarriers require the use of carrier materials, such as amphiphiles, to solubilize
their cargo. Recently, we introduced a new class of nanoparticles, whereby amphiphilic
functional dyes such as the near-infrared fluorescent dye Indocyanine Green (ICG) and the
photosensitizer Protoporphyrin IX (PplX) (i.e., clinically-used functional materials) are used
to drive the formation of stable nanoemulsions, without the use of any additional
amphiphilic polymers, lipids, or surfactants.”8 Hydrophobic materials such as
superparamagnetic iron oxide nanoparticles (SPIONSs) can be encapsulated in the
nanoemulsions to confer additional functionality. It has also been shown that small-molecule
hydrophobic drugs can be packaged into nanoemulsions using a similar approach.? These
novel dyestabilized nanoemulsions allow for extremely high drug payloads and have been
shown to exhibit improved efficacy compared with free drug ° and even analogous micelle
carriers, due to their exceptional stability and reduced drug leakage.8

The attachment of targeting ligands to nanoparticles is desirable because it has the potential
to increase both tumor accumulation and specificity, and ultimately the therapeutic index.
10-12 \while many nanoparticles rely primarily on enhanced permeability and retention
(EPR) for preferential accumulation at tumor sties, 13 active targeting is generally preferred
to more specifically deliver drugs to the desired cell type based on its molecular profile
through ligand-receptor or antibody-antigen interactions.141° Targeting has also been shown
to trigger cellular uptake for more effective delivery of drug to intracellular targets.16-18
Despite the benefits of targeting, low bioconjugation efficiencies, high batch-to-batch
variability, and the inability to control the orientation and density of the targeting ligands on
the nanoparticle surface slows clinical translation.%19.20

Dye-stabilized nanoemulsions have yet to be functionalized with any disease-associated
targeting ligands. The surface chemistry and chemical handles available for bioconjugation

JAm Chem Soc. Author manuscript; available in PMC 2019 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Amirshaghaghi et al.

Page 3

are dependent on the dye used and for some dyes no chemical handle is available for
subsequent bioconjugations. Preferably, a bioorthogonal chemical handle would be available
for the attachment of targeting ligands via click-chemistry.21 Click chemistry is a highly
efficient and specific reaction chemistry that has become the preferred approach for
bioconjugations. One of the most popular click chemistry reactions occurs between an azide
and a constrained alkyne, with efficiencies nearing 100%, without copper catalysts.22
Herein, we describe a strategy for the site-specific and efficient attachment of targeting
ligands onto carrier-free, ICG- and PplX-stabilized nanoemulsions.

Azide-handles for click-chemistry were introduced onto the surface of dye-stabilized
nanoemulsions, by first preparing azidemodified variants of ICG and PplX (Figure 1). The
azide was introduced near the hydrophilic sulfate and carboxyl groups of ICG and PplX,
respectively, to increase the likelihood that it would be exposed to the surrounding aqueous
medium and available for subsequent conjugations. The structure of the azide variants was
confirmed by ESI-MS and IH NMR (Supporting information, Section S1 and Figure S1).
The absorbance and fluorescence spectra of the azide variants and the free dyes (in DMSO)
were identical (Figure S2). Azide-functionalized nanoemulsions were formed by first
dissolving the azide-dyes at a 1:20 molar ratio with unmodified dye in Dimethyl sulfoxide
(DMSOQ). This dye mixture was combined with SPION (SPIONSs, diameter = 7.6 + 1.0 nm;
Figure S3) in toluene at a ratio of 1:1 w/w. No additional amphiphiles or carrier materials
were applied. The sample was sonicated in water to form the nanoemulsion and purified by
dialysis. The amphiphilic ICG-N3/ICG and PplX-N3/PplX mixtures solubilized the
hydrophobic SPIONS, creating stable ICG-SPION-N3 nanoemulsions (1ISCs-N3) and PplX-
SPION-N3 nanoemulsions (PSCs-N3), respectively. The average hydrodynamic diameter of
the ISCs-N3 and PSCs-N3 was 58 + 4.3 nm and 50 + 3.6 nm respectively. The average
polydispersity index (PDI) was <0.2 for both formulations (Figure 2B and S4A).

Anti-Her2 targeting affibodies were used as a model targeting ligand and were site-
specifically labeled at the C-terminus with a constrained alkyne, dibenzocyclooctyne
(DBCO), via sortase-tag expressed protein ligation (STEPL).23 Briefly, the affibody was
expressed as a fusion protein with the sortase-recognition motif, sortase, and a histidine
affinity tag. Once captured on affinity resin, the addition of a triglycine peptide modified
with DBCO, led to the sortase mediation ligation of the peptide onto the affibody and release
of the anti-Her2 affibody-DBCO conjugate (HER2DBCO) from the column (Figure S5).

Affibody-targeted nanoemulsions (Figure 2A) were then prepared by simply mixing the
HER2-DBCO with either the ISCs-N3 or the PSCs-N3 to produce HER2-targeted
nanoemulsions (ISCsHER2 and PSCs-HER?2). After conjugation, the average hydrodynamic
size of the ISCs-HER?2 and PSCs-HER2 was increased to around 78 + 5 nm and 60 + 7 nm,
respectively (Figure 2B and S4A). The average polydispersity index (PDI) was <0.2 for both
formulations. Images acquired by transmission electron microscopy (TEM) confirmed the
formation of tightly packed SPION nanoemulsions with a narrow size distribution (Figure
2C and S4B). PSCs-HER?2 and ISCs-HER2 were found to be highly stable in water with no
signs of aggregation or precipitation, as indicated by no significant changes in the T»
relaxation time (Figure S6A and S6C) or hydrodynamic diameter over the course of at least
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6 days. Relaxometry measurements indicated an average r, value of 360 + 4 and 390 + 6
mM~1 s71 for PSCs-HER2 and 1SCs-HER?2, respectively (Figure S6B and S6D).

The cytotoxicity of the PSCs-HER2 and ISCs-HER?2 were examined in an MTS cell
proliferation assay. Increasing concentrations of targeted-nanoemulsions were incubated
with HER2/neu-positive breast cancer cells (T6-17). It was found that the targeted-
nanoemulsions exhibited no significant cytotoxicity up to a concentration of 125 ug/mL
(Figure S7).

To investigate binding of the nanoemulsions to target cells, PSCs-HER?2 were incubated with
HER2-positive, EGFR-negative T617 breast cancer cells for 1 hr. The cells were then
washed and imaged by phase contrast and fluorescence microscopy (Figure 3A). Negative
control studies were performed with PSCs that had not been functionalized with any
targeting ligands as well as PSCs labeled with an anti-EGFR affibody. All studies were
performed at equivalent concentrations of PplX (6 ug/ml). Little to no cellular fluorescence
was observed following incubation of T617 cells with either PSCs-EGFR or unlabeled
PSCs. In contrast, a bright fluorescence signal was observed when T617 cells incubated with
the PSCs-HER2. We obtained similar results when T617 cells were incubated with 1SCs-
HER?2 and the analogous negative controls (Figure S8A).

To confirm that the HER?2 affibody-dye conjugate was not dissociating from the
nanoemulsion, labeled T617 cells were also assessed by magnetic resonance. For these
studies, all experiments were performed at equivalent concentrations of iron (100 ug/mL)
and nanoemulsions were incubated with cells for 1 hr.

Only a slight reduction in the T, relaxation time of T617 cells was observed following
incubation with PSCs-EGFR and the nontargeted PSCs, indicative of little to no nonspecific
binding (Figure 3B). Similar results were observed with ISCs-EGFR and nontargeted 1SCs
(Figure S8B). In contrast, the T617 cells that were incubated with the PSCs-HER?2 or ISCs-
EGFR exhibited a significantly lower T, relaxation time, which is indicative of the presence
of SPION. MR imaging of the cell samples confirmed strong T, contrast for cells labeled
with the targeted nanoemulsions, relative to the negative controls (Figure 3C and S8C).

Binding of the PSCs-HER?2 was even evident by visual inspection of the monolayer of T617
cells in 12-well plates, after several washes with PBS to remove unbound nanoemulsions
(Figure 3D). Therefore, these results provide clear evidence that affibodytargeted
nanoemulsions specifically bind to HER2/neu-positive cells and the targeting ligands
remains associated with the nanoemulsions.

Finally, to confirm that the affibodies were covalently conjugated to the nanoemulsions and
not passively adsorbed, ISCs and PSCs without azide handles were mixed with DBCO-
HER?2, following the same experimental conditions as when 1SCs-N3 and PSCs-N3 were
used. It was found that there was no significant difference between the non-targeted
nanoemolsions and the nanoemolsions mixed with affibodies, when incubated with T617
cells and analyzed by fluorescence microscopy and magnetic resonance (Figure S9). These
findings suggest that it is necessary to covalently attach the affibodies to the nanoemulsions
to achieve effective targeting.
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In summary, we demonstrated that dye-stabilized nanoemulsions can be functionalized with
targeting ligands. We developed a versatile and easy-to-operate conjugation method that uses
click chemistry for the efficient attachment of targeting ligands to the surface of the
nanoemulsions. These particles are highly stable, allow for high loading of dyes, and display
high relaxivity. We believe that our affibody conjugation strategy, using catalyst-free click
chemistry, can be applied to diverse applications such as molecular imaging, drug delivery,
and photodynamic therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Synthetic route of the ICG-N3 (compound 5) and PplX-N3 (compound 7).
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Figure 2.
(A) Schematic of a targeted, ICG- or PplX-stabilized nanoemulsion (i.e., PpIX-N3/PplX or

ICG-N3/ICG, Blue/Green) with hydrophobic SPIONs encapsulated in the core. (B) Dynamic
light scattering (DLS) of PSCs-N3 (50 £ 3.6 nm) and PSCs-HER2 (60 = 7 nm) in water. (C)
TEM image of PSCs-HER2 shows tightly packed SPIONs within the nanoemulsions (scale
bar: 50 nm).
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Figure 3.
(A) Phase contrast (top row) and fluorescence microscopy (bottom row) images of HER2/

neu-positive T617 cells incubated without nanoemulsions (control) and with PSCs,
PSCSEGFR and PSCs-HER? for 1h. (B) Relaxivity measurements of T617 cells incubated
with targeted and non-targeted nanoemulsions. (C) MR phantom image of T617 cells after
incubation with targeted and non-targeted PSCs for 1h. (D) Photograph of T617 cells in a 12
well-plate following incubation with targeted and non-targeted PSCs.
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