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Ultrasound imaging remains one of the most extensively used
medical imaging methods because of its high spatial and
temporal sensitivity, low cost, and portability and accessibility
of equipment. Contrast-enhanced ultrasound using gas-filled
microbubbles (MBs) has further enhanced the utility of
ultrasound and created the opportunity to employ biomole-
cule-targeted derivatives for molecular imaging applica-
tions.'! We describe here a new approach to ultrasound
molecular imaging that employs the covalent and highly
selective capture of functionalized MBs in vitro and in vivo
through bioorthogonal inverse-electron-demand Diels—Alder
reactions. While pretargeting methods for nanometer-sized
materials, such as nanoparticles and liposomes, have been
published recently,” the work reported herein is, to our
knowledge, the first example of the bioorthogonal capture of
micron-sized materials and the employment of pretargeting
strategies for ultrasound molecular imaging.

Ultrasound contrast agents are generally comprised of an
inert gas, such as a perfluorocarbon, surrounded by a lipid,
synthetic polymer, or protein shell. The traditional approach
to targeting MBs, which are typically 1-8 pm in diameter and
therefore restricted to intravascular targets,” has been to link
biomolecules with a high affinity for a specific protein to the
outer shell through covalent bonds (e.g., amide bonds) or
strong noncovalent interactions such as biotin—streptavidin
binding."! These approaches, which have largely exploited
antibody and peptide vectors, have demonstrated the ability
to selectively localize MBs to sites of angiogenesis, inflam-
mation, and intravascular thrombus formation.

Rather than using targeting vectors to localize conjugated
prosthetic groups, new strategies for creating molecular
imaging probes are being exploited that employ pretargeting
and bioorthogonal coupling chemistry. Here, a targeting
vector is administered first, allowing time for localization and
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clearance from nontarget organs, followed by a fluorescent or
radiolabeled coupling partner that provides a readout for the
molecular signal.”! The inverse-electron-demand Diels—Alder
reaction between tetrazines and trans-cyclooctene (TCO) is
an example of a highly selective and rapid bioorthogonal
coupling reaction that has been used successfully to prepare
targeted nuclear and optical molecular imaging probes.”! A
comparable strategy for localizing MBs has not been
reported. Such a method could offer a way to overcome
obstacles to targeting ultrasound contrast agents whose large
size and ability to bind only intravascular targets where blood
flow rates and shear stress are high, make it particularly
challenging to achieve and maintain good contrast in a time-
frame that aligns with the limited in vivo stability of MBs.

To test the feasibility of capturing micron-sized bubbles,
a novel tetrazine-tagged MB (MBy,) was developed, and its
reactivity towards cells treated with a TCO-conjugated anti-
vascular endothelial growth factor receptor2 (VEGFR?2)
antibody evaluated (Figure 1). VEGFR?2 is overexpressed on
tumor cells and upon activation triggers multiple signaling
pathways that contribute to angiogenesis.®! The choice of
target also allows the use of anti-VEGFR2-tagged MBs
(MBy), which were developed by Rychak, Foster, and co-
workers for evaluation in preclinical models,” to validate the
tetrazine-TCO capture methodology.

Tetrazine-functionalized bubbles were prepared using
commercially available streptavidin-coated MBs (micro-
marker target-ready contrast agents, VisualSonics) and a bio-
tinylated tetrazine. The biotin—tetrazine derivative 5§ was
synthesized from biotin in four high-yielding steps
(Scheme 1). The desired product was ultimately obtained by
coupling commercially available 4-(1,2,4,5-tetrazin-3-yl)phe-
nyl)methanamine hydrochloride with 6-biotinamidohexanoic
tetrafluorophenyl (TFP) ester (4) at room temperature. After
semipreparative HPLC, compound 5 was isolated in 75%
yield and the product was stable in the freezer for more than
six months. The TCO-conjugated antibody (TCO-anti-
VEGFR2) was prepared by combining an excess (20 equiv)
of commercially available (E)-cyclooct-4-enyl-2,5-dioxopyr-
rolidin-1-yl carbonate (TCO-NHS) with antiVEGFR2 (eBio-
science) at 4°C overnight at pH 9.0-9.5. After purification
using a 30 kDa centrifugal filter (Amicon Ultra-0.5) MALDI-
TOF MS showed an average of 2.8 TCO groups per antibody
in the product.

The derivatized bubbles MB, and MBy, were prepared by
adding 5 or biotinylated antiVEGFR?2, respectively, to freshly
reconstituted streptavidin-coated MBs. Isolation of the bub-
bles from the biotin-containing reagents was accomplished by
treating the solution with streptavidin-coated magnetic beads
(New England Biolabs), which bound residual tetrazine and
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Figure 1. Localizing MBs to tumor cells through pretargeting and
bioorthogonal chemistry between tetrazine-functionalized microbub-
bles (MBy,) and an intravascular target (VEGFR2) labeled with a TCO-
modified antibody.
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Scheme 1. Synthesis of biotin—tetrazine (5). Reagents and conditions:
a) 2,3,5,6-tetrafluorophenyl trifluoroacetate, DMF, TEA, 30 min, 95%;
b) 6-amino-hexanoic acid, DMF, TEA, 75°C, 12h, 91%; c) 2,3,5,6-
tetrafluorophenyl trifluoroacetate, DMF, DMSO, 80°C, 1h, 96 %,; d) 4-
(1,2,4,5-tetrazin-3-yl) phenyl)methanamine hydrochloride, DMF, TEA,
1h, 75%. DMF =dimethylformamide, TEA =triethylamine, DMSO =di-
methylsulfoxide.
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antibody, followed by simple magnetic separation.'”! We
found this approach more convenient than centrifugation and
washing, as it minimizes the amount of direct handling of the
MBs. The bubbles have 7600 molecules of streptavidin um 2,
giving approximately 6000 moleculesum 2 of surface area.’
Prior to working with MBy,, the ability of 5§ to bind to
VEGFR2-positive HS520 cells tagged with TCO-anti-
VEGFR2 was evaluated in vitro in direct comparison to
a commercially available biotinylated anti-VEGFR2 anti-
body (biotin-antiVEGFR2). Compound 5 was added to H520
cells that had been incubated with TCO-antiVEGFR2, and
the extent of tetrazine-TCO conjugation was determined by
adding a FITC-labeled anti-biotin antibody (FITC-antiBio-
tin) and measuring the arising fluorescence in cell lysates. As
a control, FITC-antiBiotin was added to H520 cells that had
been incubated with a comparable amount of biotin-anti-
VEGFR2. The tetrazine-TCO construct (Figure 2a) showed
effectively identical intensity to direct tagging with the
biotinylated antibody (Figure 2b). The binding of 5 and
FITC-antiBiotin to H520 cells in the absence of any
VEGFR?2 antibodies was measured and showed significantly
lower intensity (Figure 2c¢), indicating minimal nonspecific
binding.

5000 -
biotin-antiVEGFR2

TCO-antiVEGFR2 + 5
4000 -

3000 -

2000 A

Fluorescence intensity

1000 -
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Figure 2. Fluorescence intensity of VEGFR2(+) H520 cell lysates
obtained following treatment of cells with a) TCO-antiVEGFR2, 5, then
FITC-antiBiotin; b) commercially available biotin—antiVEGFR2 and
FITC-antiBiotin; and c) 5 followed by FITC-antiBiotin. The fluores-
cence intensity in (a) and (b) were comparable and statistically
different (one-way ANOVA) than the control (c). *p=0.001.

To evaluate the effectiveness of the tetrazine-TCO
capture strategy, MBs were evaluated initially in vitro under
flow conditions (as opposed to simply in culture) similar to
those found in tumor capillaries'!! by using a parallel-plate
flow chamber system (Glycotech, Rockville, Md.). VEGFR2-
expressing cells (H520) and cells lacking VEGFR2 (A431)
were incubated with TCO-antiVEGFR?2 30 minutes prior to
the assay. Using a syringe pump, cells were washed with PBS
for 2 minutes to remove any unbound antibody, followed by
either functionalized or unmodified MBs for 4 minutes at
a 100s™' shear rate to mimic flow conditions in vivo. To
differentiate MBs bound through nonspecific binding inter-
actions from those retained through the TCO-tetrazine
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reaction, cells were subsequently washed with PBS for
2 minutes at a 10-fold increased (1000 s') shear rate. Optical
microscopy was used to visualize the plates and videos were
taken during the flow assay and static images for analysis
acquired after the final washing step was completed (see the
Supporting Information).

Qualitatively, the tetrazine-modified MBs concentrated to
a significant extent on H520 cells (VEGFR2(+)) that had
been pre-incubated with TCO-antiVEGFR2. The video of
the process shows substantially higher retention of MBs over
time compared to cells that had not been treated with the
antibody (see the Supporting Information). A relatively small
amount of MBs bound nonspecifically to the flow chamber
during the dynamic component of all assays, which were
removed after the final washing step. Images taken subse-
quently exhibited significant retention of MBr, (Figure 3a) on

Figure 3. Bright-field microscopy images (20x) showing binding of:

a) MBy, to TCO-antiVEGFR2-tagged H520 cells (VEGFR2(+)); b) MBr,
to H520 cells with no antibody; c) MBy, to TCO-antiVEGFR2-tagged
A431 cells (VEGFR2(—)); d) MB, to H520 cells; and e) MB, to TCO—
antiVEGFR2-tagged H520 cells. The MBs appear as black spheres with
select examples highlighted by the white arrows. MBy, =tetrazine-
functionalized MBs; MB, = MBs functionalized with biotinylated anti-
VEGFR2;®! MB_=unmodified MBs (micromarker target-ready contrast
agents, VisualSonics).

TCO-antiVEGFR2-tagged H520 cells compared to experi-
ments run with untreated cells (Figure 3b). Repeating the
study using VEGFR2-negative A431 cells similarly showed
little MBy, retention (Figure 3¢). To compare with more
traditional targeting strategies, the VEGFR2-targeted MBs
were evaluated under identical conditions and showed com-
parable binding to the capture strategy (Figure 3d). It was
conceivable that TCO-antiVEGFR2 promote nonspecific
binding of the MBs to the cells. To test this hypothesis,
unmodified MBs as a control (MB.) were exposed to H520
cells tagged with TCO-antiVEGFR2 and negligible MB
retention was observed (Figure 3e).

A semiquantitative analysis was performed by comparing
the area covered by the MBs (black spheres) in each image to
the area covered by the cells determined using an open-source
image processing package.'” Prior to the analysis, the
concentration of the solutions and the sizes of the MBs
were determined using a Coulter counter to ensure compa-
rable test conditions. The MB., MBy,, and MBy concentra-
tions were similar at 5.7x10° 6.9x10° and 9.4x10°
MBsmL ™, respectively, as were the average sizes, at 2.62 +
0.73,3.11 £ 0.85, and 2.68 + 0.73 um, respectively. MBr, bind-
ing to TCO-antiVEGFR2-tagged H520 cells (Figure 4a) was
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Figure 4. Analysis of the number of MBs bound per cell based on
relative area from the flow chamber adhesion assay following washing.
For H520 (VEGFR2(+)) cells, near-equivalent binding was seen for

a) the MB,—~TCO-antiVEGFR2 system, and b) anti-VEGFR2-targeted
MBs (MB,). Binding of MB, to TCO-antiVEGFR2-tagged H520 cells
was significantly higher than with c) unlabeled cells and d) TCO-
antiVEGFR2-tagged A431 (VEGFR2(—)) cells (p=0.001). e) Unmodi-
fied MBs (MB,) showed minimal binding to TCO-antiVEGFR2-tagged
H520 cells. MBy, =tetrazine-functionalized MBs; MB,, = MBs function-
alized with biotinylated anti-VEGFR2;”! MB, =unmodified MBs (micro-
marker target-ready contrast agents, VisualSonics). Area measure-
ments were determined using FIJI software.l'd * statistically significant
difference (p=0.001) relative to (a) (analyzed using one-way ANOVA).

more than one order of magnitude higher than its binding to
unlabeled cells (Figure 4 c). Minimal binding of MB to TCO-
antiVEGFR2-tagged H520 cells (Figure 4¢) and MBy, to
VEGFR2-negative TCO-antiVEGFR2-tagged A431 cells
(Figure 4d) was observed, which is consistent with the
images shown in Figure 3. The tetrazine system exhibited
similar binding to the previously reported antiVEGFR2-
targeted MBs (MBy; Figure 4b), thus indicating that the
pretargeting strategy has at least the equivalent ability to
localize contrast agent to the VEGFR?2 target.

Having demonstrated successful capture on cells under
flow conditions similar to those found in tumor capillaries,
a preliminary study in animal models was undertaken.
Ultrasound imaging was performed using CD1 nu/nu mice
bearing SKOV-3 (VEGFR2(+)) human adenocarcinoma
tumors. TCO-antiVEGFR?2 was administered 24 hours prior
to injecting the MBs to allow adequate time for accumulation
in the tumor. For consistency with how anti-VEGFR2-
targeted MBs (MBy) were previously assessed, a destruction
replenishment sequence!” was employed four minutes after
injection and the differential enhancement of the signal was
measured using VevoCQ quantification software (Visual-
Sonics). Regions of interest were based on the vascularity of
the tumors determined from the initial distribution of the
MBs following injection. All animal experiments were
performed following procedures approved by the Animal
Research Ethics Board (AREB) at McMaster University.

The images showed high retention of MBr, in vascularized
regions of the SKOV-3 tumors. Even in cases in which the
tumors were poorly vascularized (Figure 5a), providing less
surface area for capture, contrast enhancement was signifi-
cant. Contrast was greater than for images obtained in
animals that were not administered the antibody (Figure 5b)
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Figure 5. Transverse color-coded parametric nonlinear contrast mode
ultrasound images acquired 4 min after intravenous administration of
MBy, to: a) SKOV-3 human adenocarcinoma murine tumor model
(VEGFR2(+)) pre-administered with TCO-antiVEGFR2; and b) the
same model without antibody; c) A431 human epidermoid carcinoma
tumor (VEGFR2(—)) pre-administered with TCO-antiVEGFR2. Images
of SKOV-3 murine tumor models following administration of d) MBy;
and e) MB. with pre-administered TCO-antiVEGFR2. Regions of inter-
est were based on the vascularity of the tumors determined from the
initial distribution of the MBs following injection. dTE = differential
targeted enhancement.

and in A431 (VEGFR2(—)) tumor models despite admin-
istration of the antibody (Figure 5c). Localization of the
known biotinylated anti-VEGFR2-modified MBs was also
apparent (Figure 5d). Interestingly, signals obtained using
MB¢ on prelabeled SKOV-3 tumors (Figure 5e) was higher
than expected but three times lower than with MBp,
suggesting some amount of nonspecific binding.

It is important to note that biotin—streptavidin-based
linker systems are not suitable for clinical use because of the
immunogenic response caused by multiple injections of
streptavidin.’! However, for clinical applications one can
envision preparing a new generation of ultrasound contrast
agents that contain tetrazines covalently bound to the shells of
MBs in a more biocompatible manner. As ultrasound has
emerged as an important preclinical imaging tool, we believe
the approach reported here is a general and convenient means
of noninvasively evaluating binding of new antibodies to
intravascular targets in preclinical models. Bioconjugation of
TCO to antibodies or other comparable vectors is simple and
reproducible and the associated reagents are commercially
available. The corresponding ultrasound images can be
obtained using a single type of tetrazine-labeled MB, such
as the one reported, eliminating the complexities and
variability (i.e., changes in bubble size and extent of
functionalization) associated with preparing different anti-
body-MB derivatives. The approach should therefore expe-
dite the evaluation of different MB-targeting strategies and
help accelerate the development of novel ultrasound molec-
ular imaging probes. It also reduces barriers to use ultrasound
imaging in order to evaluate new antibody-based therapeutics
because targeted MB development and optimization is
greatly simplified.

In conclusion, we provided the first evidence that captur-
ing MBs in vitro and in vivo is feasible using bioorthogonal
coupling reactions. Taken together, the flow chamber assays
and imaging data demonstrate that the localization of MBs is
related to the presence of the target (VEGFR2) and the
tetrazine-TCO reaction, and not simply the formation of
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antibody-labeled bubbles in situ. The comparable binding
observed for the bubble-capture strategy and the known
VEGFR2-targeted MBs (MB,) further validates that the
reported approach can be used to effectively visualize
a specific target in both cells under a flow format and
animal models. Further use and study of MB-capture
strategies appears warranted, with current efforts focusing
on evaluating different pretargeting constructs, linker lengths,
dosing levels, and timing to further enhance image contrast
and create new classes of molecularly targeted ultrasound
contrast agents.
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