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Abstract—Clinical translation of ultrasound molecular imaging will depend on the development of binders that
can easily be generated, manufactured and coupled, and that are compatible with in vivo use. We describe tar-
geted microbubbles (MBs) using designed ankyrin repeat proteins (DARPins) as a novel class of such translatable
binders. Candidate DARPin binders for vascular cell adhesion molecule 1, an endothelial cell adhesion molecule
involved in inflammatory processes, were selected using ribosome display and coupled to MBs. Flow-chamber
assays of five MBs carrying high-affinity binders showed selective retention on endothelial cells activated by
tumor necrosis factor-a for two binders compared with a MB carrying a control DARPin. In vivo ultrasound
molecular imaging in a murine hind-limb inflammation model demonstrated up to a fourfold signal enhancement
for three of the five MBs versus control. However, there was no correlation between results from flow-chamber
assays and in vivo imaging. Thus, we conclude that ultrasound molecular imaging of inflammation using DARPin
binders is feasible per se, but that screening of candidates cannot be accomplished with flow-chamber assays as
used in our study. (E-mail: beat.kaufmann@usb.ch) © 2021 Published by Elsevier Inc. on behalf of World
Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Contrast-enhanced ultrasound molecular imaging

(CEUMI) has been developed to detect disease pheno-

types at the cellular level (Kosareva et al. 2020), and

thus allows for earlier detection of pathology, assessment

of the effect of targeted therapies and tailoring of novel

and expensive therapies to specific patients. CEUMI

uses microbubbles (MBs) as contrast agents that are tar-

geted to a specific disease-associated epitope by conju-

gating appropriate binders to the MB shell surface. It has

been validated in animal models relevant for atheroscle-

rosis (Kaufmann et al. 2007), myocardial ischemia

(Davidson et al. 2012) and inflammation

(Steinl et al. 2016), as well as in the detection of angio-

genesis in tissue ischemia (Eisenbrey and Forsberg
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2010) and neo-angiogenesis necessary for the growth of

tumors (Deshpande et al. 2010).

Vascular cell adhesion molecule 1 (VCAM-1) is a

cell adhesion molecule from the immunoglobulin super-

family, expressed on the endothelial surface upon appro-

priate inflammatory or angiogenic stimuli, and therefore

is a potential target for molecular imaging in a number

of clinical scenarios. VCAM-1 plays a role in the devel-

opment of atherosclerosis by mediating the recruitment

of monocytes to the vascular wall, and imaging of its

expression could thus be used for early disease detection

or risk stratification (Steinl and Kaufmann 2015). In

chronic tissue ischemia, recruitment of monocytes that

contribute to vasculogenesis by producing angiogenic

peptides and adopting an endothelial phenotype is medi-

ated by VCAM-1, and molecular imaging could thus be

used to assess pro-angiogenic therapies in this context

(Behm et al. 2008). In transplant rejection, VCAM-1

expression correlates with the degree of CD3+ leukocyte

infiltration and rejection, and consequently molecular
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imaging could be used in place of invasive biopsies

(Herskowitz et al. 1994). Furthermore, VCAM-1 is

involved in tumor angiogenesis, and levels of endothelial

expression of VCAM-1 correlate with tumor microvessel

density, recurrence, metastasis and survival

(Ding et al. 2003; Chen et al. 2011).

Altogether, there is a clinical need for non-invasive

imaging of the expression of VCAM-1. CEUMI of

VCAM-1 has been shown to be feasible in murine mod-

els of atherosclerosis, angiogenesis and tumor neo-

angiogenesis using full-size antibodies

(Kaufmann et al. 2007; Behm et al. 2008;

Chadderdon et al. 2014), nanobodies (Hernot et al. 2012;

Punjabi et al. 2019) and small-peptide binders

(Moccetti et al. 2018). However, all of these studies used

binders that were not developed specifically for CEUMI,

which relies on attachment of the contrast agent to a tar-

get under flow conditions with only milliseconds avail-

able for bond formation, and the need to withstand shear

forces acting upon bound MBs. Designed ankyrin repeat

proteins (DARPins) are alternative, multipurpose affinity

reagents that recognize targets with exceptional specific-

ity (Plückthun 2015). They are small, single-domain pro-

teins (14�20 kDa) built from ankyrin repeat motifs.

Large DARPin libraries can be used to select potential

binders by ribosome display (Binz et al. 2003) and can

subsequently be screened for binding to a particular tar-

get protein such as VCAM-1 under the relevant assay

conditions. Given the large number of potential binders

that can be generated from such libraries, it is desirable

that in vitro methods be usable early on to identify those

candidate binders that are expected to perform best under

the relevant conditions in vivo. The purpose of the pres-

ent study was therefore to select DARPin binders for the

extracellular domain of VCAM-1 from a large DARPin

library using ribosome display, assess whether in vitro

testing is able to select candidate binders that will per-

form efficiently in vivo and assess whether non-invasive

CEUMI of the expression of VCAM-1 is feasible using

DARPin binders.
METHODS

Selection of candidate DARPin binders for VCAM-1

To generate DARPin binders against VCAM-1, the

extracellular domain of VCAM-1 (custom-made Met1-

Glu698, C-terminus carrying AVI tag and His tag, pro-

duced in HEK293 cells; Sino Biological, Beijing, China)

was biotinylated (BirA500 kit, Avidity) and immobilized

on MyOne Streptavidin T1 streptavidin-coated beads

(Pierce, Waltham, MA, USA). Ribosome display selec-

tions were performed as described elsewhere (Dreier and

Plückthun 2012) using a library of 1012 DARPin candi-

dates. Selections were performed over four rounds with
decreasing target concentration and increasing washing

steps to enrich for binders with high affinities.

After four rounds of selection, the enriched pool

was cloned into an Escherichia coli pQIq-based expres-

sion vector as fusion with an N-terminal MRGSH8�
(Met-Arg-Gly-Ser-His8)- and a C-terminal. and a C-ter-

minal FLAG tag. After transformation of E. coli XL1-

Blue, 384 randomly selected single clones were

expressed in small scale in a 96-well format and lysed

by addition of B-PER Direct detergent plus lysozyme

and nuclease (Pierce). These bacterial crude extracts of

single DARPin clones were subsequently screened to

identify potential binders.

Screening for high-affinity DARPin binders for VCAM-1

Homogeneous time-resolved fluorescence (HTRF)

screening assays were performed to identify DARPins

with the highest affinity for VCAM-1 from the 384 bac-

terial crude extracts containing candidate binders. In

order to identify DARPins binding to epitopes accessible

on the cell surface, cell-based flow-cytometry screening

assays were also performed.

For HTRF, binding of the FLAG-tagged DARPins

to streptavidin-immobilized biotinylated VCAM-1 was

measured using fluorescence resonance energy transfer

(donor: streptavidin-Tb, acceptor: anti-FLAG-d2; Cis-

bio, Codolet, France). Experiments were performed at

room temperature in white 384-well OptiPlate plates

(PerkinElmer, Waltham, MA, USA) using Tag-lite assay

buffer (Cisbio) at a final volume of 20 mL per well. Sig-

nals were recorded after an incubation time of 30 min

using a Varioskan LUX multimode microplate reader

(Thermo Scientific, Waltham, MA, USA) with the fol-

lowing settings: delay time, 60 ms; integration time, 200

ms; measurement time, 1000 ms; dynamic range, auto-

matic. HTRF ratios were obtained by dividing the accep-

tor signal (665 nm) by the donor signal (620 nm) and

multiplying this value by 10,000 to derive the 665/620

ratio. The background signal was determined by using

reagents in the absence of DARPins.

For flow cytometry, bEnd.3 murine endothelial

cells (CRL-2299, ATCC, Manassas, VA, USA) at pas-

sage number 28 or 29 were stimulated with mouse rm

tumor necrosis factor-a (TNF-a) for 18�20 h (10 ng/

mL; #410-MT, R&D Systems, Minneapolis, MN, USA)

to induce VCAM-1 expression. Fifty thousand cells

were incubated either with the bacterial crude DARPin

extracts (not normalized for concentrations), with a bio-

tinylated monoclonal anti-VCAM-1 antibody (rat anti-

mouse CD-106, clone 429, #553330, BD Pharmingen,

San Diego, CA, USA) or with a biotinylated negative

isotype control antibody (kappa isotype clone R35-95,

#563047, BD Pharmingen) for 30 min at 4˚C on a rock-

ing table. The cells were subsequently washed three
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times with cold Hanks’ balanced salt solution (#14175,

Thermo Fisher, Waltham, MA, USA) with 1% bovine

serum albumin. The bound DARPins were detected by

incubation with a fluorescein isothiocyanate-labeled

anti-FLAG secondary antibody at a 1:100 dilution (anti-

FLAG-M2-FITC, #F4049, Sigma Aldrich, Burlington,

MA, USA), whereas the antibodies were detected using

fluorescein isothiocyanate-labeled streptavidin (S205,

Leinco Technology, St. Louis, MO, USA) for 30 min at

4˚C on a rocking table. After three washing steps, the

cells were resuspended in 100 mL/well of cold 1:2000

diluted viability dye Zombie NIR (#423105, BioLegend,

San Diego, CA, USA) in phosphate-buffered saline

(PBS) and incubated for 20 min at 4˚C on the rocking

table. Finally, the cells were washed three times with

PBS, fixed with 4% formaldehyde in PBS (#50000, Alfa

Aesar, Kandel, Germany) for 20 min at 4˚C on a rocking

table and washed three times with PBS. Flow-cytometry

measurements were performed on a CytoFLEX (Beck-

man Coulter, Brea, CA, USA), and FlowJo (FlowJo

LLC, Ashland, OR, USA) was used for analysis.

For a rough estimation of DARPin binder affinity

by flow cytometry, cells labeled with a control antibody

were measured first. With this measurement, a 90%

exclusion gate was set, below which cells were consid-

ered non-specifically labeled. For all further measure-

ments, cells with a fluorescence intensity above this

threshold were counted as stained. Binding was then esti-

mated as the percentage of events above this threshold

relative to the total number of cells counted. Binders for

VCAM-1 were selected using an arbitrary cutoff of at

least 25% cells counted as stained. Experiments were

performed in a first round at a 1:20 dilution of the crude

bacterial extracts. In a second round, candidate binders

which showed binding above the pre-defined cutoff at

1:20 dilution of crude extracts were re-examined at a

1:200 dilution.

DARPin binders selected from HTRF and flow

cytometry were subsequently expressed in small scale

and purified using a 96-well immobilized metal affinity

chromatography column (HisPur Cobalt plates, #89969,

Thermo Scientific).

Flow-cytometry analysis was repeated with the

purified selected DARPins as already described at a

known concentration of 800 pM. Median fluorescence

intensity (MFI) was measured and normalized to the

MFI of cells incubated with the isotype negative isotype

control antibody. A threshold of 1.0 was used to further

narrow the number of candidate binders.

To allow maleimide conjugation, new DARPin con-

structs of the selected candidate binders were cloned bear-

ing a free and unique cysteine at their C-terminus.

Subsequently, expression of these constructs was per-

formed at a 200 mL scale. After induction with 1 mM
isopropyl b-D-thiogalactopyranoside and incubation for 4

h, expression cultures were harvested by centrifugation

for 10 min at 4000 rpm. Cell pellets were resuspended in

PBS 400 mM NaCl, 10% glycerol, 5 mM 1,4-dithiothrei-

tol (DTT; #3483-12-3, Sigma) and 20 mM imidazole add-

ing Pierce Universal nuclease, and cells were lysed using

sonication. DARPins were purified over a HisTrap fast-

flow crude column (#GE17-5255-01, GE Healthcare, Chi-

cago, IL, USA) and desalted over a HiTrap 26/10 desalt-

ing column (#GE17-0851-01, GE Healthcare) using an
€Akta Pure L1 system (GE Healthcare). Purity was ana-

lyzed by sodium dodecyl sulfate�polyacrylamide gel

electrophoresis and size exclusion chromatography.

Saturation binding assay of high-affinity DARPin

binders for VCAM-1

We stimulated bEnd.3 murine endothelial cells with

mouse rm TNF-a for 18�20 h (10 ng/mL; R&D Sys-

tems) to express VCAM-1. Cells were incubated with

the candidate binders, with the E3_5 control DARPin

(Binz et al. 2003), with the monoclonal anti-VCAM-1

antibody or with an isotype control antibody in increas-

ing concentrations (50 pM�100 nM). Flow cytometry as

already described was subsequently used to quantify

ligand attachment to the bEnd.3 murine endothelial cells.

The MFI of the samples was normalized to the MFI of

the samples incubated with the isotype control antibody.

Contrast-agent preparation and characterization

MBs were manufactured by sonication of a decaf-

luorobutane-saturated aqueous solution containing 1,2-

distearoyl-sn-glycero-3-phosphocholine (2 mg/mL;

#850365C, Avanti, Alabaster, AL, USA), polyoxyethy-

lene (40) stearate (1 mg/mL; #P3440, Sigma) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-malei-

mide (0.14 mg/mL; #PSB-301, Creative PEGWorks,

Durham, NC, USA). Flotation-centrifugation was used

to separate MBs from lipid molecules not integrated into

the MB shell.

Before conjugation to the MBs, the monomeric

state of the DARPins was ensured by reducing the C-ter-

minal cysteine residues. A 1 M stock solution of DTT

(Sigma) was prepared freshly in degassed water, and 1

mL of DTT stock solution was added to 1 mL reaction

volume of the DARPin binders (approximately 3 mg/mL

DARPins, buffered with 50 mM tris, 150 mM NaCl and

1 mM DTT, pH 8), vortexed and incubated for 1 h at 37˚

C. A desalting procedure was used to remove the excess

DTT using PD-10 gravity-flow columns (GE Health-

care), which were equilibrated with freshly degassed

PBS. DARPins bearing a C-terminal cysteine were con-

jugated to the maleimide on the MB surface by incuba-

tion for 2 h at room temperature with continuous shaking

at 600 rpm to produce VCAM-1-targeted MBDARPin
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bearing one of the DARPin binders or the non-targeted

E3_5 (MBE3_5). Flotation-centrifugation was used to

remove non-bound DARPins.

To determine the amount of DARPins necessary to

saturate the maleimide binding sites on the surface of

MBs, 1£ 108 MBs were incubated with different

amounts of DARPins labeled with N-hydroxysuccini-

mide-fluorescein, also containing a C-terminal cysteine

(0, 20, 40, 80, 100, 120, 150 and 200 mg), as described

earlier. After three washing steps, the amount of fluores-

cence and thus DARPins present on the MB surface was

measured using flow cytometry.

To determine the number of DARPins actually con-

jugated to the MB surface, quantitative fluorescence anal-

ysis was used after removal of unconjugated DARPins.

For that purpose, 1£ 108 MBs were incubated with 120

mg of DARPins (five candidate binders and the E3_5 con-

trol DARPin) labeled with N-hydroxysuccinimide-fluores-

cein (#76608-16-7, Thermo Scientific) for 2 h, which was

deemed in the saturation range. MB concentration and

mean surface area were measured using a Multisizer 3

(Beckman Coulter). The MBs were then destroyed by

applying pressure at 100 mm Hg. The amount of fluores-

cence was measured using a Gemini XPS fluorescence

microplate reader (Molecular Devices, Sunnyvale, CA,

USA). Comparison to a reference standard of known fluo-

rescent DARPin concentration allowed for the calculation

of DARPin density on the MB surface. All measurements

were performed in triplicates.

Conjugation of the DARPins to maleimide on the

MB surface was also verified visually. For this purpose,

a DARPin clone was labeled with N-hydroxysuccini-

mide-Alexa Fluor 488 (A20000, Thermo Fisher). MBs

were then incubated with the DARPin clone, and fluores-

cence on the MB surface was detected using microscopy

(Eclipse Ti, Nikon, Tokyo, Japan).

Assessment of in vitro attachment of MBs to VCAM-1

under flow conditions

Parallel-plate flow-chamber studies (gasket thick-

ness, 0.254 mm; channel width, 2.5 mm; 31-001, Glyco-

Tech Inc., Gaithersburg, MD, USA) were conducted to

examine attachment properties of MBs carrying the

selected DARPin candidates using flow cytometry. Cell

culture dishes (35£ 10 mm; Corning, Corning, NY,

USA) with bEnd.3 murine endothelial cells grown to

confluence were used. At 4 h before measurement, the

cells were induced with mouse recombinant TNF-a (50

ng/mL; R&D Systems) to express VCAM-1 and then

placed in an inverted position on a microscope for video

recording. A fluorescent dye (3,30-dioctadecyloxacarbo-
cyanine perchlorate, 0.1 mg/mL; #34215-57-1, Sigma

Aldrich, Burlington, MA, USA) was included in the for-

mulation of the MBs for efficient visualization of
floating MBs. Fluorescently labeled MBs coupled to

VCAM-binding DARPins or control DARPin (3£ 106/

mL), suspended in cell culture medium (Dulbecco’s

modified Eagle’s medium) at 37˚C, were drawn through

the flow chamber with a syringe pump (Genie Plus, Kent

Scientific, Torrington, CT, USA) at a flow rate that

would result in a shear stress of 2 or 4 dyn/cm2, corre-

sponding to physiological shear stress in venules, which

are the main site of recruitment of inflammatory cells

(Popel and Johnson 2005). The number of MBs attached

to the cells was counted for 20 optical fields after 5 min

of continuous flow using fluorescence microscopy digital

recordings (BX51WI, Olympus Life Science, Tokyo,

Japan, equipped with a charge-coupled device camera,

40£magnification). Quantification was performed by

an investigator unaware of which DARPin was coupled

to the MBs.

In vivo CEUMI

All animal experiments were performed in accordance

with Swiss federal legislation and approved by the Animal

Care and Use Committee of the University Hospital of

Basel and the ethics committee of the Veterinary Office of

the Canton of Basel. We used 133 C57BL/6J male mice,

ages 15�21 wk and maintained on standard laboratory

diet, were used for CEUMI. Anesthesia was induced with

5% isoflurane; 1.5% was used for maintenance. We

injected 250 ng of recombinant TNF-a (R&D Systems) in

100 mL of PBS into the adductor muscle of the mouse hind

limb, which generally results in a significant increase in

endothelial VCAM-1 expression in a time- and dose-

dependent manner (Khanicheh et al. 2012). The mice were

placed on a heating pad to keep the body temperature at

37˚C. After 4 h, jugular vein cannulation was performed

for administration of MBs. Ultrasound imaging (Acuson

Sequoia c512, Siemens Medical Systems USA Inc., Moun-

tain View, CA, USA) was performed with a high-frequency

linear-array probe (15L8) held in place by a railed gantry

system. The short axis of the adductor muscle of the

injected mouse hind limb was imaged using power modula-

tion and pulse inversion (Contrast Pulse Sequence) imaging

at a centerline frequency of 7 MHz and a dynamic range of

50 dB at a mechanical index (MI) of 0.87. The gain settings

were adjusted just below visible tissue speckles and held

constant throughout the study. We injected 2£ 107 MBs

carrying the VCAM-1-binding DARPins (MBDARPin) as

well as control MBE3_5 intravenously in random order

while imaging was paused. After 8 min of circulation time,

one image was acquired at an MI of 0.87 to assess the sig-

nal from stationary as well as circulating MBs. All MBs

within the field of view were then destroyed with several

(>10) image frames (MI 0.87) at a pulsing interval of

20 ms. Post-destruction image frames (MI 0.87, n = 5) rep-

resenting circulating MBs only, were then acquired at a
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pulsing interval of 10 s. Images were transferred to an off-

line computer, and video intensities were log-linear con-

verted. The signal from attached MBs alone was calculated

by digitally subtracting the average signal of the post-

destruction contrast frames from the signal of the first pre-

destruction contrast frame (Lindner et al. 2001). The region

of interest was determined from anatomic images of the

hind limb acquired at the end of each imaging sequence

using fundamental imaging at 14 MHz. Image analysis was

performed by an investigator unaware MB species in the

individual imaging sequences.

Immunohistology

It has been shown that injection of TNF-a leads to

expression of VCAM-1 in skeletal muscle

(Horie et al. 1997). Immunofluorescence staining was per-

formed to qualitatively assess vascular expression of

VCAM-1. Frozen hind-limb muscle sections were mounted

on glass slides, fixed in 4% paraformaldehyde, blocked

with 3% bovine serum albumin in 0.4% Triton X-100 solu-

tion and incubated overnight at 40˚C with anti-VCAM-1

(ab134047, Abcam, Cambridge, UK) and a-smooth muscle

actin (#I5381, Sigma) antibodies. Goat anti-rat Alexa Fluor

546 (#A11010, Invitrogen, CA, USA) and goat anti-mouse

Alexa Fluor 488 (#A11001, Invitrogen) were added and

incubated for 1 h at room temperature. Sections were

mounted with RotiMount FluorCare mounting medium

(Carl Roth, Karlsruhe, Germany) and imaged on a Nikon

Ti2 microscope.

Statistical analysis

Data were analyzed with GraphPad Prism version

8.0d (GraphPad Software, Inc., La Jolla, CA, USA). Data

points are expressed as mean § standard error of the

mean. For saturation binding curves, curve fitting was car-

ried out by nonlinear regression using the saturation bind-

ing model Y = Bmax£ X/(Kd + X). For comparison of MB

sizes, a t-test was used. For comparison of groups in the

surface-density, flow-chamber and animal experiments, a

Kruskal�Wallis test with Dunn’s post hoc multiple-com-

parison test was used. Spearman correlation was used for

assessing correlation between results from flow-chamber

and animal experiments. Values of p < 0.05 were consid-

ered statistically significant (two-sided).

RESULTS

Screening for high-affinity DARPin binders for VCAM-1

With HTRF measurements, 19 binders were identi-

fied that showed a fluorescence signal for binding to

VCAM-1 above background (Supplementary Fig. S1,

online only). In parallel, after two rounds of flow-cytom-

etry screening with increasing dilution of crude bacterial

extracts (1:20 and 1:200), 21 potential binders for
VCAM-1 were identified using an arbitrary cutoff of at

least 25% cells counted as stained (Supplementary Fig.

S2, online only). Of these 21 potential binders, 8 were

also identified in the HTRF screening (Fig. 1), resulting

in a total of 32 potential binders. After sequencing, 8

candidates were double transformants and 2 candidates

were identical, and thus 23 unique single clones of

potential VCAM-1 binders were identified.

After small-scale expression and purification of the

23 selected candidate binders, repetition of flow-cytome-

try analysis yielded 5 DARPin binders with staining of

endothelial cells above the pre-defined threshold (clones

1731_F9, 1732_F8, 1730_E12, 1732_D1 and 1730_C7;

Figs. 1 and 2a). The 5 DARPin binders selected con-

tained either two (1730_E12, 1732_D1, 1730_C7) or 3

(1731_F9, 1732_F8) randomized internal repeats (Sup-

plementary Fig. S3a, online only). On size exclusion

chromatography, 4 DARPins were identified to be pre-

dominantly monomeric, not including 1730_C7 (Supple-

mentary Fig. S3b, online only).

Saturation binding assay of high-affinity DARPin

binders for VCAM-1

The five high-affinity DARPin binders identified in

the screening process were further characterized using a

saturation binding assay on cells. The results of these

experiments are shown in Figure 2b. Saturation binding

curves are similar for all DARPins; however, there are

differences in Bmax values, and higher saturation binding

for 1731_F9 and 1732_F8 compared with 1730_E12,

1732_D1 and 1730_C7. This indicates that the binders

recognize different epitopes, some of which are accessi-

ble in only a fraction of molecules. The shape of the

curve is not consistent with the hypothesis that the pla-

teau height might reflect affinities. Since the anti-

VCAM-1 antibody is bivalent and detected with a differ-

ent secondary reagent, it cannot be directly compared.

The derived equilibrium dissociation constants and Bmax

values for all tested ligands and the anti-VCAM-1 anti-

body are shown in Table 1. The unselected control DAR-

Pin E3_5 showed no binding to the target at any

concentration, consistent with VCAM-1-specific binding

of the identified DARPins.

Characterization of MB contrast agents bearing DARPin

ligands

Flow cytometry and fluorometry experiments were

used to determine the amount of DARPin binder neces-

sary to fully saturate the available maleimide binding

sites on the MB surface after completion of the chemical

reaction (2 h) and measure the amount of DARPins cou-

pled to the MB surface. The mean diameter of MBs used

for characterization was 2.17 § 1.03 mm, and the mean

concentration was 2.6£ 108 MBs/mL. Incubation of



Fig. 1. Flowchart depicting the selection of five high-affinity binders from 384 candidate binders.
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MBs with increasing concentrations of fluorescein-

labeled DARPin showed that under these conditions, the

coupling reaction becomes saturated at about 120 mg/

1£ 108 MBs (Fig. 3a, 3b). Fluorescence microscopy

revealed homogeneous staining of the MB shell with the

DARPin clone 1731_F09 labeled with Alexa Fluor 488

(Fig. 3c). The number of DARPins per MB was deter-

mined as 1.5 § 0.2£ 106, and the average number of

DARPin molecules per mm2 as 6.4 § 1.4£ 104 (using

the surface calculated from the measured diameter;

Fig. 3d). When the measured surface densities were

compared between the five candidate binders and the
E3_5 control DARPin, there were no significant differ-

ences (p = 0.74, Fig. 3e).

Assessment of in vitro attachment of MBs to VCAM-1

under flow conditions

Flow-chamber studies at continuous flow were con-

ducted, resulting in a shear stress of either 2 or 4 dyn/

cm2. As shown in Figure 4a, there was a preferential

retention of MB1730_E12 compared with the control

MBE3_5 at 2 dyn/cm2. The remaining MBDARPin carrying

the other four candidate binders showed some increased

retention, which was, however, not significantly different



Fig. 2. (a) Binding comparison of 23 designed ankyrin repeat protein (DARPin) binders (blue bars) to vascular cell
adhesion molecule 1 (VCAM-1) in the cell-based flow-cytometry assay. Purified DARPins were used at a concentration
of 800 pM. The dotted horizontal line indicates the relative median fluorescence intensity of a non-binding isotype con-
trol antibody. Corresponding data for a bivalent anti-VCAM-1 antibody (red bar, detected by a different secondary anti-
body) are also shown. (b) Titration curves of individual DARPins and unselected control DARPin. Bivalent anti-
VCAM-1 antibody and the corresponding isotype control antibody were used as positive and negative controls,

respectively.
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from that of MBE3_5. However, at 4 dyn/cm2 (Fig. 4b),

the retention of MB1730_E12 was increased 10-fold over

background, there was a fivefold increased retention of

MB1732_D1 over MBE3_5, and the remaining MBDARPin

carrying the other three candidate binders did not exhibit

increased retention. Of note, the absolute magnitude of

retention of MB1730_E12 was similar at both 2 and 4 dyn/

cm2, whereas the retention of MBDARPin carrying all

other candidate binders followed the same rank order at

both stresses.
In vivo CEUMI

Vascular expression of VCAM-1 upon injection of

TNF-a was verified using immunohistology (Fig. 5).

MB preparations used for in vivo CEUMI had mean sizes

of 2.39 § 1.13 mm for VCAM-1-binding MBDARPin and

2.46 § 1.15 mm for MBE3_5 (p = 0.87); MB
Table 1. Saturation binding assay of high-affinity designed
ankyrin repeat protein (DARPin) binders for vascular cell

adhesion molecule 1 (VCAM-1) by flow cytometry, showing
apparent equilibrium dissociation constants (Kd) and Bmax val-

ues of the tested ligands

Ligand Kd (M) Bmax

1731_F9 DARPin 1.19£ 10�9 4.7
1732_F8 DARPin 1.92£ 10�9 4.1
1730_E12 DARPin 0.40£ 10�9 2.4
1732_D1 DARPin 0.33£ 10�9 2.4
1730_C7 DARPin 0.11£ 10�9 2.0
Anti-VCAM-1 antibody 1.18£ 10�9 7.7
concentrations were 4.07£ 108 and 4.19£ 108 MBs/

mL, respectively. Ultrasound molecular imaging of

inflamed hind limbs showed significant fourfold

increased signals for MB1732_F8 and MB1730_C7, and a

threefold increased signal for MB1732_D1 compared with

MBE3_5, whereas signals from MB1730_E12 and

MB1731_F9 were not significantly different from MBE3_5

(Fig. 6). When the retention of the individual MBDARPin

in the flow chambers was compared with signal on ultra-

sound molecular imaging, there was no correlation

between the two assays (Fig. 7; Spearman’s r = 0.49,

p = 0.036, and Spearman’s r = 0.31, p = 0.56, for ultra-

sound molecular imaging of hind limbs vs. flow-chamber

experiments at 2 and 4 dyn/cm2, respectively).
DISCUSSION

In this study, we describe the selection and in vitro

as well as in vivo testing of DARPins binding to VCAM-

1 as a novel class of binder molecules for use in ultra-

sound molecular imaging. From a large set of potential

binders, five candidates were selected using a combina-

tion of HTRF and flow cytometry. These candidates

showed similar apparent binding constants to VCAM-1

on cells, but their different Bmax values may indicate

binding to different epitopes with different accessibilities

(Fig. 2b). Being equipped with a single cysteine at the C-

terminus, a DARPin could successfully be coupled to the

MB surface using maleimide chemistry. However, after

binder attachment to MBs and under flow conditions in a



Fig. 3. (a) Determination of optimal conjugation amount of designed ankyrin repeat proteins (DARPins) by incubating
1£ 108 maleimide microbubbles (MBs) with increasing concentrations of fluorescently labeled cysteine-tagged DARPin
1730_E12 and measuring the fluorescence intensity of the MBs using flow cytometry. (b) Shift in median fluorescence
intensity vs. baseline plotted against increasing concentrations of DARPin binder used for coupling. (c) Verification of
conjugation of fluorescently labeled DARPins to the MB surface using fluorescence microscopy. Bright-field (top) and
fluorescent (bottom) microscopy of maleimide MBs incubated with fluorescently labeled cysteine-containing DARPin
1731-F09. (d) Measurement of DARPin surface density on MBs (n = 3�4 per DARPin binder) using fluorescence spec-
troscopy (p = 0.74 between different DARPin binders). (e) Average surface density of DARPins on the MB (6.4 §

1.2£ 104 DARPin molecules/mm2).
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flow-chamber assay, differences in binder-induced MB

adherence to VCAM-1 became evident among the five

candidates. In an in vivo model of microvascular inflam-

mation, 3 of the 5 DARPin ligands allowed for selective

signal enhancement. Thus, non-invasive imaging of

VCAM-1 expression in the microcirculation is possible

using MBs carrying DARPin binders. However, there

was no obvious correlation between our in vitro assays

and in vivo imaging in terms of the performance of the

individual DARPins, indicating that our flow-chamber

assays are probably not predictive for the performance

of candidate binders in ultrasound molecular imaging.

Most previous ultrasound molecular imaging stud-

ies have used biotin molecules coupled to lipids in the

MB shell and coupling via streptavidin for attachment of

the targeting ligands to the MB surface

(Kosareva et al. 2020). However, this coupling strategy
will not be translatable into the clinical field, as there are

concerns regarding binding of endogenous biotin and the

immunogenicity of streptavidin (Kaul 2008). Therefore,

in our study a cysteine was added to the five high-affinity

DARPins at the C-terminus, which allowed for oriented

coupling to the MB surface using covalent maleimide�-

thiol coupling. This resulted in 6.4£ 104 DARPin mole-

cules per mm2 MB surface, which compares favorably to

previous data on maleimide coupling of binders with a

similar molecular weight (nanobodies, 1.3£ 104 mole-

cules/mm2; Punjabi et al. 2019) and to biotin�streptavi-

din binding of antibodies (3.7£ 103 molecules/mm2;

Khanicheh et al. 2012). This is relevant because binder

density on the MB surface has been shown to influence

attachment efficiency (Weller et al. 2002).

DARPins are composed of ankyrin repeat proteins and

form a right-handed solenoid structure with a convex and a



Fig. 4. Retention of MBDARPin vs. control MBE3_5 in the in vitro flow-chamber assay at shear stresses of (a) 2 dyn/cm2

and (b) 4 dyn/cm2. yp < 0.01 vs. MBE3_5; zp < 0.0001 vs. MBE3_5 (n = 7�9 per condition).

Fig. 5. Representative images of vascular cell adhesion molecule 1 immunofluorescence staining of the murine hind-
limb muscle. (Top row) C57BL/6J male mouse (age 18 wk) injected in the hind limb with 250 ng tumor necrosis factor-
a showing expression of vascular cell adhesion molecule 1 co-localized with blood vessels (identified by a-smooth mus-
cle actin staining; arrowheads); (bottom row) control C57BL/6J male mouse (age 18 wk) showing no expression of vas-

cular cell adhesion molecule 1 co-localized with blood vessels.
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Fig. 6. Contrast-enhanced ultrasound molecular imaging of vascular cell adhesion molecule expression in hind-limb
inflammation. In the right panels, examples of background-subtracted, color-coded contrast-enhanced ultrasound molec-
ular imaging from one animal are shown. The color scale for the images is shown at the bottom of each frame. *p <

0.05, **p < 0.005, ***p < 0.0005, vs. MBDARPin control (n = 13).

Fig. 7. Plots of signal intensities of MBDARPins vs. the results from the flow-chamber assay with those from hind-limb
inflammation model for shear stresses of (a) 2 dyn/cm2 and (b) 4 dyn/cm2, illustrating the lack of correlation between

these two assays.
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concave surface. The groove on the concave surface serves

as the binding site for target proteins (Plückthun 2015). The

ligand�protein affinity is influenced by non-covalent inter-

actions that depend on shape complementarity, interaction

energy and electrostatic complementarity (Epa et al. 2013).

Our saturation binding assay of the five DARPin candidates

showed an apparent binding constant to VCAM-1 on cells

in the low nanomolar range and only small differences

between the individual DARPin binders, and the bivalent

anti-VCAM-1 antibody performed similarly.

We used a parallel-plate flow-chamber assay for

further characterization of MBs targeted to VCAM-1

with the five high-affinity binders, and noted consider-

able non-specific attachment of all MBs at a low shear

stress of 2 dyn/cm2, which was reduced at 4 dyn/cm2,

with prominent specific attachment of one MB carrying

a high-affinity binder. Under laminar flow, endothelial

cells undergo phenotypic changes, with actin fiber align-

ment parallel to the flow. Also, atomic force microscopy

has been used to demonstrate small but significant

increases in cell monolayer stiffness under laminar flow

(Wong et al. 2016). The glycocalyx is a negatively

charged polysaccharide brush on the surface of endothe-

lial cells, ranging from 0.5�3 mm in thickness, with

changes in thickness being induced by changes in shear

stress (Calderon et al. 2011). We have previously shown

that the thickness of the glycocalyx layer has an influ-

ence on targeted MB retention in vivo

(Khanicheh et al. 2012). Thus, differences in endothelial

phenotype caused by the different shear stresses may

explain the different adhesion characteristics. When

compared with experiments performed previously in our

laboratory with an identical setup using either monoclo-

nal antibodies or nanobodies targeted to VCAM-1, the

attachment of MB1730_E12 was comparable to that of

MBs carrying the antibody or nanobody ligands

(Punjabi et al. 2019). Unexpectedly, the flow-chamber

assays did not predict which DARPin binder would per-

form best in vivo. The differences in endothelial cell phe-

notype between the in vitro and in vivo setups may

explain this.

On non-invasive ultrasound imaging in our model

of TNF-a-induced hind-limb inflammation, three of the

five DARPin binders tested showed increased signal

compared with the control MBE3_5, and two showed a

robust fourfold increase in signal intensity. Of note, it

has previously been shown that a decay of the targeted

signal does not occur upon repeated injections of identi-

cal MBs targeted to an endothelial epitope (Streeter and

Dayton 2013). Thus, ultrasound molecular imaging of

the expression of VCAM-1 in the assessment of tumor

vasculogenesis or angiogenic responses to ischemia is

feasible. However, whether DARPin binders will also be

feasible for the detection of VCAM-1 on endothelial
cells in atherosclerosis will have to be studied in appro-

priate high-shear-stress settings.

There are several limitations of this study that

deserve mentioning. First, we selected DARPin binders

from a library of 1012 candidates, and randomly selected

384 hits for further characterization. Screening of a

larger sample might have increased the probability of

selecting more high-affinity binders, but most impor-

tantly, a stringent and extended affinity maturation could

be used to improve the existing and additional binders.

Also, the use of bivalent and bispecific formats engaging

additional VCAM-1 epitopes may improve performance

under high shear stress. With regard to high-throughput

screening, surface plasmon resonance could possibly

have given additional information regarding binding

affinity in more quantitative terms than is possible by

estimation of flow-cytometry titrations.

With regard to the use of the parallel-plate flow

chamber, the results of these assays were not able to pre-

dict in vivo performance. In this respect, the use of either

blood plasma or whole blood might yield in vitro results

that correlate better with in vivo observations. However,

with current flow-chamber assays relying on large fluid

volumes, this is technically not feasible. With regard to

the in vivo experiments, testing of six different MBs

resulted in a relatively long duration of experiments, and

it is possible that changes in hemodynamics over time

may have influenced MB retention. However, we ran-

domized the sequence of MB injection, and thus such an

effect should not have influenced the overall results.

Also, when analyzing imaging signals according to the

sequence of injection, we did not find a significant

increase from the first to the last injection (p = 0.12).

Last, we examined the use of MBs targeting VCAM-1

using DARPin binders in a low-shear-stress environ-

ment. The performance of these novel ligands in high-

shear-stress environments such as the detection of endo-

thelial inflammatory activation in atherosclerosis will

have to be examined in future studies.
CONCLUSION

In conclusion, in this study we describe DARPins as

novel binders for ultrasound molecular imaging with tar-

geted MBs, avoiding the use of antigenic proteins for

coupling and achieving a very high density upon cou-

pling. We demonstrate the feasibility of non-invasively

detecting VCAM-1 expression in a model of hind-limb

inflammation using these novel MBs. However, our

results also suggest that there are several parameters that

can be further optimized in future work, and more pre-

dictive in vitro screens of different binders for their in

vivo performance need to be evaluated.
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