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Abstract
Camelid-derived single-domain antibody-fragments (~15kDa), called nanobodies, are a new class
of molecular tracers that are routinely identified with nanomolar affinity for their target and that
are easily tailored for molecular imaging and drug delivery applications. We hypothesized that
they are well-suited for the design of targeted microbubbles (μBs) and aimed to develop and
characterize eGFP- and VCAM-1-targeted μBs. Anti-eGFP (cAbGFP4) and anti-VCAM-1
(cAbVCAM1-5) nanobodies were site-specifically biotinylated in bacteria. This metabolic
biotinylation method yielded functional nanobodies with one biotin located at a distant site of the
antigen-binding region of the molecule. The biotinylated nanobodies were coupled to biotinylated
lipid μBs via streptavidin-biotin bridging. The ability of μB-cAbGFP4 to recognize eGFP was
tested as proof-of-principle by fluorescent microscopy and confirmed the specific binding of eGFP
to μB-cAbGFP4. Dynamic flow chamber studies demonstrated the ability of μB-cAbVCAM1-5 to
bind VCAM-1 in fast flow (up to 5 dynes/cm2). In vivo targeting studies were performed in MC38
tumor-bearing mice (n=4). μB-cAbVCAM1-5 or control μB-cAbGFP4 were injected
intravenously and imaged using a contrast-specific ultrasound imaging mode. The echo intensity
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in the tumor was measured 10 minutes post-injection. μB-cAbVCAM1-5 showed an enhanced
signal compared to control μBs (p<0.05). Using metabolic and site-specific biotinylation of
nanobodies, a method to develop nanobody-coupled μBs was described. The application of
VCAM-1-targeted μBs as novel molecular ultrasound contrast agent was demonstrated both in
vitro and in vivo.
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Introduction
Ultrasound contrast agents or microbubbles (μBs) are micron-sized particles filled with gas
that strongly scatter ultrasound. They are widely used for organ edge delineation and
perfusion imaging [1, 2]. By targeting them, μBs can adhere selectively to cellular epitopes
and receptors within the vasculature. Hence, contrast-enhanced ultrasound has been applied
in experimental animal settings to depict molecular events such as inflammation [3, 4],
angiogenesis [5, 6], thrombi [7, 8], etc. Furthermore, since μBs have also been proposed as
drug delivery systems, μB and drug accumulation in diseased tissues could be improved by
selective targeting [9].

Active targeting requires ligands (antibodies or peptides) on the surface of the μB. Given the
extremely high affinity and stable interaction between biotin and streptavidin, and the wide
availability of biotinylated ligands, streptavidin-biotin linkage is a commonly used technique
for coupling ligands to the μB’s surface [6, 10-14]. The biotinylation of a ligand is usually
performed chemically. However, this is a random process that might affect the binding
capacity of the ligand. In metabolic biotinylation, the protein of interest is genetically fused
to a biotin acceptor domain, where biotin protein ligases then post-translationally catalyze
the covalent binding of biotin, resulting in site-specific biotinylation of the protein [15]. In
the present study we used nanobodies as ligands for μB targeting. Nanobodies are small
(~15 kDa) antigen-binding fragments derived from camelid heavy-chain antibodies [16, 17].
Besides their high affinity, stability, solubility and yield [18], their monomeric behavior and
carboxy-terminus that is located on the opposite side of the paratope, makes them ideal
candidates to tailor into all kinds of formats: fusion of protein tags [18, 19], bivalent or
bispecific constructs [20, 21], enzyme or toxin conjugates [22, 23] and nanobody-GFP fused
chromobodies [24]. Nanobodies have already been generated against a multitude of
antigens, including the enhanced Green Fluorescent Protein (eGFP) [24]. Moreover, our
group recently generated and selected a lead nanobody, named cAbVCAM1-5 with specific
binding activity against the inflammation marker Vascular Cell Adhesion Molecule-1
(VCAM-1), and which is cross-reactive for both the murine and human VCAM-1. We
demonstrated its preclinical application for the detection of atherosclerotic plaques with
SPECT/CT [25]. In the present study, we describe the metabolic biotinylation of two
nanobodies to develop targeted μBs. eGFP-targeted μBs are generated as a proof-of-
principle. The VCAM-1-targeted μBs are characterized and subsequently tested for
functionality, both in vitro in a flow chamber setting and in vivo in a murine subcutaneous
tumor model.
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Material and methods
Cell lines

The mouse cell line bEND5 was purchased from the ATCC collection (Manassas, VA,
USA). The murine adenocarcinoma cell line MC38 was a generous gift from J. Schlom,
NIH. Both cell lines were grown in complete DMEM medium (Gibco BRL, Grand Island,
NY, USA) and kept in culture in a humidified incubator at 37 °C and 5% CO2. VCAM-1
expression on bEND5 cells was upregulated upon TNF-α stimulation (10 ng/mL) (Duchefa
Biochemie, Haarlem, The Netherlands) for 18 hours [26, 27].

Expression and purification of biotinylated nanobodies
The genes encoding the nanobodies cAbGFP4 [24] and cAbVCAM1-5 [25] were recloned
using the restriction enzymes NcoI and BstEII into the pBAD17 plasmid vector containing a
Biotin Acceptor Domain (ASGGLNDIFEAQKIEWHGSSKYKY) preceded by an IgA hinge
(SPSTPPTPSPSTPP), downstream of the nanobody sequence [28]. Each of these plasmid
constructs was co-transformed in Escherichia coli WK6 cells together with the BirA
plasmid (encoding for a Biotin-Protein Ligase) (AviTag, Avidity LLC, Aurora, CO, USA).
Bacteria were grown at 37 °C in flasks filled with 330 ml Terrific Broth medium
supplemented with 0.1% glucose, D-Biotin (50 μM) (Acros Organics, Morris Plains, NJ,
USA) and under selection of both ampicillin (100 μg/ml) and chloramphenicol (35 μg/ml)
(Sigma-Aldrich, Steinheim, Germany) until the exponential growth phase was reached.
Nanobody expression was induced by adding isopropyl β-D-1-thiogalactopyranoside
(Duchefa Biochemie) to 1 mM and incubating the cultures at 28 °C overnight. Nanobodies
were extracted from the periplasm of pelleted bacteria by osmotic shock as described
previously [18] and the free D-biotin was eliminated by dialysis. Biotinylated nanobodies
were further purified on a Streptavidin-Mutein Matrix (Roche, Vilvoorde, Belgium) and
eluted by competition with 2 mM D-biotin according to the manufacturer’s protocol. The
eluates were finally subjected to size-exclusion chromatography on a Superdex HR75
10/300 column with PBS as elution buffer at a flow rate of 0.5 ml/min.

Characterization of biotinylated nanobodies
The purity of the biotinylated nanobodies was assessed by Coomassie Blue-stained SDS-
PAGE. To verify the biotinylation of the nanobodies, a Western Blot was performed with
Extravidin-AP (Sigma-Aldrich) detection and development with NBT/BCIP.

For flow cytometry, 1×106 TNF-α stimulated bEND5 and non-stimulated bEND5 cells
(negative control) were incubated with 1 μg biotinylated cAbVCAM1-5 or cAbGFP4 for 1 h
at 4°C and binding was detected with 500 ng streptavidin-PE (Sigma-Aldrich) on a FACS
Canto II analyzer (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed with
FlowJo software (TreeStar, Ashland, OR, USA).

Surface Plasmon Resonance was used, as previously described [25] using a T100 instrument
(Biacore, GE Healthcare), to determine the affinity parameter KD (dissociation constant) of
the biotinylated cAbVCAM1-5 for mouse VCAM-1/Fc-His (R&D Systems Inc.,
Minneapolis, MN, USA) and enable comparison with the non-biotinylated, original
cAbVCAM1-5 nanobody.

Preparation of targeted microbubbles
Biotinylated μBs were prepared as described earlier [29]. First, a lipid micellar aqueous
dispersion was prepared by sonication of the saline-lipid mixture containing 2 mg/ml
phosphatidylcholine (Avanti Lipids, Alabaster, AL, USA), 2 mg/ml PEG-stearate (Sigma
Aldrich, St. Louis, MO, USA) and 0.1 mg/ml biotin-PEG3400-phosphatidylethanolamine
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(Shearwater, Birmingham, AL, USA). Then decafluorobutane gas (F2 Chemicals Ltd, Lea
Town, UK) was sparged through the aqueous phase and sonication continued at maximum
power to generate μBs. For fluorescence tagging of μBs, trace amount (<1% of the mass of
other lipids) of the lipid dye DiI (Molecular Probes, Eugene, OR, USA) was added to the
lipid mixture.

Biotinylated nanobodies were conjugated to the surface of the μBs by biotin streptavidin
bridging chemistry. 3 μg of streptavidin (Anaspec Inc., Fremont, CA, USA) was added per
107 μBs and incubated for 15 min, followed by three washing steps by centrifugational
floatation. Subsequently, 1 μg biotinylated nanobody was incubated per 107 μBs for 1 h at 4
°C and washed again. Particle concentration, surface area and size-distribution of μBs were
assessed using a Coulter counter (Coulter Multisizer 3, Beckman Coulter Inc., Brea, CA,
USA).

As proof of principle, 300 × 106 μB-cAbGFP4 or non-targeted μBs (biotinylated μBs
without streptavidin and nanobodies) were incubated for 15 min with 1 μmol eGFP and
washed 3 times. Bright field and fluorescent microscopy were used to detect binding of
eGFP to the surface of the μBs.

Characterization of targeted μBs
To quantify the number of nanobodies coupled to the surface of the μBs, biotinylated
cAbVCAM1-5 was first FITCylated using fluorescein isothiocyanate (FITC) (Sigma
Aldrich) to a ratio of 1.3 FITC molecules per nanobody, and purified by centrifugal
filtration. Biotinylated cAbVCAM1-5-FITC was then coupled to non-fluorescent μBs in the
same conditions as described above. The amount of FITC-nanobody fluorescence on the
μBs was measured with a spectrofluorometer (SpectraMAX Gemini XS, Molecular Devices
Inc., Sunnyvale, CA, USA) after μB destruction by pressurization. A FITC standard was
used to convert the fluorescent signal to the number of FITC molecules, and thus to the
number of nanobodies. The experiment was performed in triplicate.

Maximal nanobody occupancy of the μB’s surface was ascertained by adding different
amounts of cAbGFP4 (0, 0.01, 0.1, 1 and 10 times the standard amount described above,
which is 1 μg biotinylated nanobody per 107 microbubbles) to streptavidin-conjugated μBs,
followed by a saturating amount of eGFP (1 μmol). The fluorescent signal on the different
preparations was measured by flow cytometry and plotted against the amount of nanobody
added.

In vitro dynamic binding studies: fluorescent and ultrasound imaging
Culture dishes (35 mm, Corning Inc, Corning, NY, USA) were coated with either 200 μl of
5 ng/μl recombinant mouse VCAM-1/Fc-His or only PBS overnight at 4 °C and blocked
subsequently with 1% BSA (Sigma-Aldrich) in PBS. The dishes were mounted upside down
in a parallel plate flow chamber system (Glycotech Inc., Gaithersburg, MD, USA)
containing a silicon gasket 0.127 mm thick and a flow deck slit width of 2.5 mm. Targeted
μBs were diluted in degassed perfluorocarbon-saturated PBS containing 1% BSA and were
drawn through the flow chamber using a syringe pump (Harvard Apparatus Inc., Holliston,
MA, USA). The flow rate was adjusted to obtain the desired wall shear stress (WSS) based
on following formula:
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where τw = wall shear stress (dynes/cm2), μ = apparent viscosity (1 cP = 0.01 dynes.s/cm2),
a = channel height (0.0127 cm), b = channel width (0.25 cm) and Q = volumetric flow rate
(cm3/s).

μB adherence to VCAM-1 was detected by two different methods: fluorescent microscopy
and contrast ultrasound imaging. For the first method, a field of view of 140 μm × 105 μm in
the middle of the flow chamber was imaged with an upright fluorescent microscope (40x
water immersion objective) focused at the reactive surface of the flow chamber. μBs were
suspended at a concentration of 5 × 106/ml. The flow of fluorescent μB-cAbVCAM1-5 at
0.5, 1.0, 1.5 and 2.0 dynes/cm2 was monitored by video microscopy for 5 minutes after
equilibration with a standard NTSC camera. The number of adherent and free-flowing near-
wall μBs was counted manually (n ≥ 3 for control blank dishes, n ≥ 10 for VCAM-1-coated
dishes). The binding efficiency was calculated as the fraction of the near-wall flowing
bubbles that adhered to the surface.

For the second method using ultrasound, the flow chamber was submersed in a water bath.
An ultrasound transducer (15L8-S, Siemens, Acuson Sequoia 512) was positioned in such
way that a longitudinal section of the flow chamber was visualized within the imaging plane
(n ≥ 4 for each condition). Specular reflection from the flow chamber assembly was kept to
a minimum by choosing the positioning angles. To measure the acoustic reflection generated
by the μBs, the US settings were set as follows: Cadence CPS mode, frequency 7 MHz,
mechanical index (MI) of 0.18. μB-cAbVCAM1-5 were suspended at a concentration of 2.5
× 106/ml and allowed to flow through the chamber for 5 min at WSS of 1.0, 1.5, 2.0, 3.0 and
5.0 dynes/cm2 (Step 1). Unbound μBs were then washed away with 1% BSA for another 5
min (Step 2) at 2.0 dynes/cm2 if WSS in step 1 was ≤ 2.0 dynes/cm2 or with a WSS equal to
the WSS in step 1. The background signal was measured after destroying the adherent μBs
at the end of step 2 by increasing the MI to 1.9 for 10 seconds (Step 3). Specificity of the
binding of μB-cAbVCAM1-5 to the VCAM-1 antigen for WSS 1.5 dynes/cm2 was
confirmed by the antibody-blocking study. The coated dish was preincubated for 10 min
with 5 μM non-biotinylated cAbVCAM1-5 and 5 μM of the same was added to the μB
solution. Images were recorded and video clips of 3 seconds each at a frame rate of 10 Hz
were imported into ImageJ software (NIH, Bethesda, MD, USA). Based on the images from
step 1, a ROI (region of interest) was drawn around the flow chamber, and copied to the
images of step 2 and 3. The mean pixel intensity in the ROIs in step 2 and step 3 was
calculated and background signal (step 3) was subtracted from the images of step 2.

Immunohistochemistry
MC38 tumors were embedded in paraffin and 5 μm-thick sections were prepared. Following
blocking with 10% horse serum in PBS and avidin blocking reagent (sp-2001, Vector
Laboratories, Burlingame, CA, USA), adjacent sections were incubated overnight at 4 °C
with the primary antibodies anti-VCAM-1 (10 ng/mL, sc-1504, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-PECAM-1 (endothelium staining, 10 ng/mL, sc-1506, Santa
Cruz Biotechnology). The biotin-conjugated secondary horse-anti-goat IgG (BA-9500,
Vector Laboratories) was incubated for 1 hour at room temperature, followed by addition of
the ABC reagent (PK7100, Vector Laboratories) for 45 minutes at room temperature.
Finally, DAB solution (Sigma Aldrich) was used as chromogen reagent. Positive reaction
was shown as a brown color. Sections were counterstained with hematoxyline.

Tumor model and in vivo contrast-enhanced imaging
Animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) office at the University of Virginia. 0.5×106 MC38 tumor cells were injected
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subcutaneously in the hindlimb of female C57Bl/6 mice (>26 weeks old, n=4) (NCI,
Frederick, MD, USA). Tumors were allowed to grow for 12 days.

Mice were anesthetized with 2% isoflurane, placed on a warm pad and the 15L8-S
ultrasound probe was positioned to image the cross-section of the tumor. A B-mode image
of the tumor was first obtained, which was used to serve as an anatomical reference for
quantification. A bolus intravenous injection of 37.5 × 106 μBs (μB-cAbVCAM1-5 or the
control μB-cAbGFP4, in random order) was performed 30 minutes apart and with the mouse
and ultrasound probe in the same position. μB accumulation and clearance from the tumor
vasculature was imaged over 10 min using the non-destructive contrast-specific Cadence
CPS imaging mode (7 MHz, MI 0.20). After 10 min, the remaining μBs were destroyed with
two high intensity ultrasound pulses 1 second apart (frequency 7 MHz, MI 1.9).

Image analysis was performed using Image J. A ROI was drawn on the digitized B-mode
image to delineate the tumor. This ROI was copied to the contrast-specific images and mean
pixel intensity in the ROI’s was measured (as an average of 40 frames over 4 s). Once the
tumor was completely perfused (~20 s after injection), maximal mean pixel intensity was
obtained. Background signal (due to tissue signal and residual circulating contrast after 10
min) was measured immediately after high-intensity destruction of the μBs. Contrast
enhancement from μB adherence at 10 min after reaching maximal peak intensity was
determined just prior to μB destruction, corrected for background and expressed as
percentage of the maximal mean pixel intensity.

Statistical analysis
Data were expressed as mean ± standard deviation. Results from in vitro binding studies
were analyzed using the unpaired Student t-test and Dunnett’s t-test. For the analysis of in
vivo imaging data, a paired Student-t-test was used. All statistical analyses were performed
using SPSS Statistics 19 (IBM). P-values <0.05 were considered significant.

Results
Expression, purification and characterization of biotinylated nanobodies

The biotinylated nanobodies cAbGFP4 and cAbVCAM1-5 were produced at a final yield of
0.26 mg/L and 0.21 mg/L bacterial culture, respectively. Both were extracted from the
periplasm, purified by affinity chromatography and eluted after size-exclusion
chromatography as single symmetrical peaks. SDS-PAGE and Western Blot confirmed the
purity and biotinylation of the nanobodies with the expected molecular weight (Figure 1A
and B).

As shown in figure 1C, biotinylated cAbVCAM1-5 was able to recognize VCAM-1
expressed on TNF-α stimulated cells, while this nanobody does not bind to VCAM-1-
negative, non-stimulated cells. No binding to either stimulated or non-stimulated cells was
detected for the biotinylated cAbGFP4 nanobody.

The KD of biotinylated cAbVCAM1-5 for mouse VCAM-1 as measured by Surface
Plasmon Resonance was 7.2 nM. As determined in this study, comparable sensograms and
KD-value (10.7 nM) were obtained for the original non-biotinylated format [25]. The
sensograms are included as supplemental material.

Characterization of targeted microbubbles
Biotinylated nanobodies were attached to the surface of biotinylated μBs via a streptavidin
linker. The antigen-binding loops of the nanobodies should be oriented away from the μB as
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the biotin is located within a peptide stretch at the C-terminal end of the nanobody and
separated by a protease resistant flexible IgA-linker. Hence the paratope of the nanobody on
the μB should be well accessible to target its cognate antigen.

Addition of eGFP to a solution containing μB-cAbGFP4 resulted in the binding of eGFP to
the surface of these targeted μBs as observed by fluorescence microscopy (Figure 2A). Non-
targeted μBs were not recognized by the eGFP and thus did not appear fluorescent.

Targeted μBs had a mean number-based diameter of 2.2 ± 0.2 μm, with a polydispersity
index of 1.32. The coupling of streptavidin and biotinylated nanobodies did not influence
their size-distribution (data not shown). The average number of biotinylated nanobodies
coupled to the surface of a μB was calculated to be 288 000 ± 38 000, corresponding to one
nanobody molecule every ~ 95 nm2 or ~ 104 nanobodies per μm2 of the μB surface. As
demonstrated in the flow cytometric analysis in Figure 2B, saturation of the μB’s surface
with nanobodies was achieved with the preparation conditions described above.

In vitro dynamic binding studies: fluorescent and ultrasound imaging
The results of the dynamic binding studies with fluorescence and ultrasound detection are
shown in Figures 3 and 4, respectively. Using both techniques, a significantly higher binding
of μB-cAbVCAM1-5 was observed to dishes coated with the VCAM-1 antigen than for the
non-coated ones. This was the case for all applied WSS (p<0.05). However, binding
decreased with increasing WSS. With video microscopy, no μB binding to the target dish
was observed at WSS > 2.0 dynes/cm2 (data not shown), but significant binding of targeted
μBs to its antigen could be detected up to 5 dynes/cm2 using ultrasound imaging. Binding of
μB-cAbVCAM1-5 to immobilized VCAM-1 protein is specific since blocking the antigen
with an excess of non-biotinylated cAbVCAM1-5 significantly reduced adherence of the
targeted μBs (p<0.05) (Figure 4C).

In vivo contrast-enhanced imaging and immunohistochemistry
As an in vivo model for endothelium-expressed VCAM-1, we used the MC38 subcutaneous
murine tumor model. Immunohistochemistry demonstrated expression of VCAM-1 (Figure
5A) in the tumor vasculature (Figure 5B). Non-specific staining of the secondary antibody
was not observed (not shown).

Following injection of μBs, contrast-enhancement peaked rapidly (~ 20 s post-injection),
after which the signal decreased (Figure 6A). Ten minutes after μB-cAbVCAM1-5
intravenous injection, ultrasound contrast signal was observed to persist within the tumor.
This signal was significantly higher compared to the signal of control μB-cAbGFP4 (Figure
6B, C). After the bursting of the μBs, the signal almost completely disappeared, indicating
that the majority of unbound circulating μBs had cleared from the bloodstream.

Discussion
Ultrasound imaging is increasingly making use of targeted μBs to evaluate intravascular
molecular events emerging during disease progression [30-32]. In the animal model setting,
this has become an established technique. In this study, μB targeting was performed using a
new type of molecular probe, more precisely site-specifically biotinylated nanobodies. We
first characterized μB targeting in vitro in a flow chamber and subsequently demonstrated
that they could target intravascular VCAM-1 in an in vivo model of inflamed tumor
vasculature.

The so-called ‘protein tags’ are specific peptide sequences genetically grafted onto a
recombinant protein. There are now numerous types of tags available suited to diverse
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applications and several have been fused successfully to nanobodies for affinity purification
[18], epitope detection, protein localization [24], and radiolabeling [33, 34]. In this study we
introduced a biotin ligase tag at the carboxyterminal end of the nanobody and cotransfected
a plasmid coding for the E. coli biotin ligase protein BirA, whose role consists of attaching
the exogenously added biotin to this tag [15]. Using this enzymatic biotinylation technique,
we obtain exactly one biotin per nanobody molecule positioned at the location of the tag.
This is in contrast to chemical biotinylation where functional groups like lysines are
required, resulting in different degrees of biotinylation, spread all over the protein.
Moreover, the position of the biotin at the nanobody’s carboxyterminal end is favorable for
the orientation of the nanobody on the μB’s surface. As the biotin-tag is located far away of
the antigen binding loops involved in antigen recognition, the risk of compromising the
binding capacity of the nanobody is minimized. Indeed, we demonstrated with flow
cytometry as well as with affinity measurement experiments that the functionality and
affinity of VCAM-1-specific nanobody was not altered by biotinylation. The cAbVCAM1-5
nanobody retained its affinity in the low nanomolar range [25]. In addition, the biotin tag
provides a means of purifying the biotinylated nanobody on a streptavidin-mutein matrix
[35, 36], and isolating it from the possible untagged protein. The production yield of the
biotinylated anti-eGFP and anti-VCAM-1 nanobodies (both ± 0.25 mg/L) was significantly
lower compared to that of the original formats (respectively 3 and 10 mg/L [25]). As
nanobodies are transported to the periplasm, while BirA in this study remains within the
cytoplasm, the biotinylation yield could be possibly increased by redirecting BirA to the
periplasmic compartment where the nanobody is targeted as well [37].

Coupling of nanobodies to the μB’s surface was achieved using the standard biotin-
streptavidin bridging system. This is a common procedure because it is rapid, efficient and
biotinylated ligands and antibodies are widely available. Using a direct measurement
method with fluorescently labeled nanobodies, the nanobody surface coverage was
estimated at approximately 3×105 per bubble and we demonstrated that maximal coverage
was reached. This number is consistent with the results from previous studies using the same
or other types of μBs. In those studies, monoclonal antibodies, Fab fragments or
carbohydrate polymers [12, 13, 38-40] were bound to the μB’s surface with values ranging
from 3×104 to 3×105 molecules per μB. Bivalent and even bispecific nanobodies are easily
generated and could be used to design dual-targeted μBs [20, 21].

The functionality of the nanobody-conjugated μB system was first shown with eGFP-
targeted μBs, as a proof-of-principle. In static flow conditions, eGFP rapidly and specifically
recognized μB-cAbGFP4, making the μBs visible under fluorescence microscopy. For the
VCAM-1-targeted μBs, binding to their antigen was studied under dynamic conditions in an
antigen-coated flow chamber. The adherence of the μBs was detected both by fluorescence
microscopy and ultrasound imaging. Both techniques gave comparable results. A
significantly higher binding of the targeted μBs was observed in the presence of the antigen
for the different WSS compared to the control non-coated chambers. However, as it is
known, the flow rate has an important impact on the adherence of μBs and thus μB binding
decreased with increasing WSS [38, 40]. Targeting of μBs at higher WSS (up to at least 5
dynes/cm2) could only be observed by ultrasound detection. Indeed, ultrasound has a much
larger field of view as compared with microscopy (over three orders of magnitude), and
ultrasound, like microscopy, can observe individual μBs [41]. Therefore, ultrasound allows
the detection of μBs adherent to the target at much lower surface density. Additionally,
ultrasonic detection of the μBs confirms that the targeted μBs are still acoustically
responsive. In the literature, no adherence of μBs in vitro was reported above 6 dynes/cm2,
although dual targeted μBs and pulsatile flow have been shown to improve the binding
efficiency at higher WSS [13]. While values in the range of the chosen WSS are found in
tumor vasculature [42], microbubble targeting in larger vessels such as the abdominal aorta
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becomes more difficult [43]. Therefore, other parameters such as turbulent flow, presence of
blood components etc. might have additional influence on the μB targeting in vivo. Recently,
it has been demonstrated that firm attachment of VCAM-1-targeted μBs could be achieved
in combination with magnetic guidance [44].

The constitutive expression of the adhesion molecule VCAM-1 plays an important role in
cell homing and cell trafficking [45, 46], and its expression is induced by inflammatory
cytokines on disturbed endothelium to mediate the recruitment of leukocytes [47-49]. The
presence of VCAM-1 has been reported on cancer cells and/or on the tumor vasculature;
however, it is tumor-dependent [50-53]. The exact role of VCAM-1 in tumors is still not
known, but it seems to be involved in oncogenesis, angiogenesis, metastasis and immune
response [54-56]. Targeting VCAM-1 expression in the tumor vasculature allows not only
imaging of the inflammatory state of the tumor, but also the targeting of therapy [52]. As
assessed by immunohistochemistry, expression of VCAM-1 was found on the MC38-tumor
endothelium. Therefore, this mouse tumor model was chosen to demonstrate the in vivo
binding of the VCAM-1-targeted μBs. Indeed, 10 min after intravenous injection, the
VCAM-1-targeted μBs showed a significantly higher adherence in the MC38 tumor’s
vasculature than the non-VCAM-1-targeted μBs, as was imaged with a contrast-specific
ultrasound imaging mode. VCAM-1 is also known to be expressed in atherosclerotic plaques
and contrast-enhanced ultrasound imaging of inflammation in such lesions was previously
shown by Kaufmann et al. [3]. The application of anti-VCAM-1-nanobody-coupled μBs in
such setting remains to be demonstrated.

Although nanobodies have comparable affinity parameters as monoclonal antibodies, other
advantages of nanobodies over murine antibodies are their high stability (both chemical and
thermal) [57]. In addition, their small size (~15 kDa) and the high degree of sequence
identity (>80%) with the human VH sequences make them less likely to elicit immune
responses in humans. Indeed, they are reported to have a low immunogenicity [58].
Furthermore, humanization of nanobodies has been described previously [34, 59]. The
streptavidin-biotin coupling between nanobodies and μBs is not applicable in clinical setting
because of the possible occurrence of immune reactions to streptavidin. Instead, other
conjugation methods are preferred such as the covalent thiol-maleimide binding [60]. Geers
et al. [61] applied this coupling reaction for the fabrication of self-assembly liposome-
loaded μBs in a single step, which would ease the production of sterile material. The
introduction of a cystein on the nanobody’s carboxyterminal end (instead of the biotin
acceptor tag), as demonstrated previously for attachment to gold particles [62], would thus
be an elegant way to couple nanobodies site-specifically to maleimide-bearing μBs during or
even before μB preparation. Such formulation of humanized nanobodies covalently attached
to the μB shell in an oriented manner should be considered for preclinical development
evaluation, and eventually may find its way into clinical practice.

Conclusion
Using a metabolic and site-specific biotinylation of nanobodies, nanobody-targeted μBs
were prepared. We demonstrated the functionality of these nanobody-targeted μBs in vitro
under a variety of flow conditions and this new molecular ultrasound contrast agent was
subsequently used in vivo to detect VCAM-1 expression in the tumor vasculature.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SDS-PAGE (A) and Western Blot (B) of the purified biotinylated nanobodies
cAbVCAM1-5 and cAbGFP4. (C) Flow cytometric analysis of cAbVCAM1-5 and control
(cAbGFP4) nanobody on non-treated (red) or TNFα-treated (blue) mouse bEND5 cells.
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Figure 2.
(A) Bright field (BF) and fluorescent microscopy images showing binding of eGFP to μB-
cAbGFP4 and not to non-targeted μBs. (Scale bar: 200 μm, 20x magnification) (B) Flow
cytometric analysis of μBs bearing increasing amounts of cAbGFP4 on their surface (0,
0.01, 0.1, 1 and 10 times the standard added amount, which is 1 μg biotinylated nanobody
per 107 microbubbles)
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Figure 3.
μB-cAbVCAM1-5 binding efficiency (%) determined by fluorescence microscopy in a
parallel plate flow chamber coated with VCAM-1 or no antigen (blank) as a function of the
wall shear stress. *p<0.01 for μB adherence on VCAM-1 coated flow chambers compared to
non-coated flow
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Figure 4.
(A) Representative images and (C) quantification of mean pixel intensity in flow chamber
coated with VCAM-1 (A1), with pre-blocked VCAM-1 (A2) or without VCAM-1 (A3) after
infusion of μB-cAbVCAM1-5 at 1.5 dynes/cm2 and washing, as observed by contrast-
specific ultrasound imaging. (B) Quantification of mean pixel intensity in flow chamber
coated with or without VCAM-1 for different WSS. **p<0.001 and *p<0.05 for μB
adherence on VCAM-1 coated flow chambers compared to non-coated flow chambers or
pre-blocked VCAM-1 coated chambers at same WSS
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Figure 5.
Immunohistochemical analysis of adjacent MC38 xenograft tumor sections: (A) VCAM-1-
specific and (B) PECAM-1 specific staining (endothelium). Intratumoral VCAM-1
expression (in brown) is observed in the tumor vasculature (black arrows) as well as on
cancer cells.
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Figure 6.
(A) Representative time-course curves of contrast-enhancement in tumor following injection
of μB-cAbVCAM1-5 and μB-cAbGFP4 (control). (B) Transverse B-mode images of MC38
tumors overlaid with a ROI showing contrast-specific signal in tumor 10 minutes after
intravenous injection of either μB-cAbVCAM1-5 (upper image) or μB-cAbGFP4 (lower
image) in the same mouse. (C) Quantification of μB adherence in tumor, *p<0.05 for
comparison of contrast-specific signal in tumor after injection of μB-cAbVCAM1-5 and
control μBs. Signal at 10 min post-injection was expressed as % of the maximal intensity
reached ~ 20 s after injection, and corrected for background.
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