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Abstract

Purpose Fluorescence-guided surgery (FGS) can play a key role in improving radical resection rates by assisting surgeons to gain
adequate visualization of malignant tissue intraoperatively. Designed ankyrin repeat proteins (DARPins) possess optimal pharmacoki-
netic and other properties for in vivo imaging. This study aims to evaluate the preclinical potential of epithelial cell adhesion molecule
(EpCAM)-binding DARPIns as targeting moieties for near-infrared fluorescence (NIRF) and photoacoustic (PA) imaging of cancer.
Methods EpCAM-binding DARPins Ac2, Ec4.1, and non-binding control DARPin Off7 were conjugated to IRDye 800CW
and their binding efficacy was evaluated on EpCAM-positive HT-29 and EpCAM-negative COLO-320 human colon cancer
cell lines. Thereafter, NIRF and PA imaging of all three conjugates were performed in HT-29_luc2 tumor-bearing mice. At
24 h post-injection, tumors and organs were resected and tracer biodistributions were analyzed.

Results Ac2-800CW and Ec4.1-800CW specifically bound to HT-29 cells, but not to COLO-320 cells. Next, 6 nmol and
24 h were established as the optimal in vivo dose and imaging time point for both DARPiIn tracers. At 24 h post-injection,
mean tumor-to-background ratios of 2.60+0.3 and 3.1 +0.3 were observed for Ac2-800CW and Ec4.1-800CW, respectively,
allowing clear tumor delineation using the clinical Artemis NIRF imager. Biodistribution analyses in non-neoplastic tissue
solely showed high fluorescence signal in the liver and kidney, which reflects the clearance of the DARPin tracers.
Conclusion Our encouraging results show that EpCAM-binding DARPins are a promising class of targeting moieties for
pan-carcinoma targeting, providing clear tumor delineation at 24 h post-injection. The work described provides the preclini-
cal foundation for DARPin-based bimodal NIRF/PA imaging of cancer.
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Cancer is a leading cause of death worldwide and the inci-
dence is increasing rapidly [1]. Despite recent therapeutic
advances, curative cancer care is still based on achieving
local control through radical surgical resection [2]. For
most cancers, the presence of a positive resection margin
(R1 resection) is associated with increased local recur-
rence and distant metastasis, accompanied by a reduced
disease-free and overall survival [2-5]. Therefore, ade-
quate intraoperative localization of malignant tissue is
crucial for effective cancer treatment.

Intraoperatively, delineation of malignant tissue using
tactile feedback is challenging and the introduction of lapa-
roscopy and robotics has reduced this ability even further.
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Alternatively, surgeons can rely on intraoperative tumor
imaging techniques, such as fluorescence-guided surgery
(FGS) [6, 7]. FGS provides real-time tumor delineation
through untargeted or tumor-targeted near-infrared fluores-
cent (NIRF) contrast agents which are visualized through a
dedicated NIRF camera system. Clinical studies have shown
that FGS indeed improves intraoperative tumor detection,
regularly leading to a change of the initial surgical plan
[8-10]. A limitation of using NIRF contrast is the limited
NIREF light tissue penetration depth (~7 mm) due to photon
scattering and absorption, which restricts the ability to visu-
alize deeper-located lesions [11, 12]. Although NIRF imag-
ing suffices for visualization of superficial lesions and resec-
tion margins, for detection of deeper lesions or resection
margins, the combination with an additional real-time tech-
nique like photoacoustic (PA) imaging would be beneficial.

PA imaging via high-resolution ultrasound (US) relies
on the detection of acoustic waves caused by the thermoe-
lastic effect undergone by NIRF dyes after exposure to
a nano-second pulsed NIR laser [13]. PA imaging has a
higher spatial resolution than optical NIRF imaging and
a deeper tissue penetration of up to 7 cm. By combining
3D information derived from PA imaging with superficial
NIRF imaging, the presence of tumor lesions can be veri-
fied with increased “depth-of-view,” thereby synergisti-
cally enhancing tumor detection [14, 15].

The potential of a bimodal NIRF/PA imaging contrast
agent is shaped by the careful selection of a tumor-specific
biomarker in combination with a suitable targeting moi-
ety. One promising tumor-specific target is the epithelial
cell adhesion molecule (EpCAM). EpCAM is a 40 kDa-
transmembrane glycoprotein expressed at the basolateral
membrane of human epithelia where it plays a role in key
cellular processes including cell adhesion, migration,
proliferation, and differentiation [16, 17]. However, in
cancer, EpCAM becomes highly and homogenously over-
expressed on the entire cell membrane [17, 18]. Although
originally identified in colorectal adenocarcinoma, strong
overexpression of EpCAM has been described in virtually
all cancer types, such as breast, lung, bladder, prostate,
esophageal, gastric, and pancreatic cancer [17, 19]. With
regard to EpCAM-based NIRF tumor imaging, monoclo-
nal antibody (mAb) and mAb-derived targeting molecules
have previously been evaluated by our group and others
and were shown to provide high-contrast intraoperative
tumor delineation of colon, breast, and prostate cancer in
preclinical in vivo models [20-22].

However, the large size of mAbs limits extravasation and
tissue penetration, leading to a relatively long time of 3 to
5 days between tracer injection and the optimal imaging time
window [23, 24].

Consequently, the quest for a novel category of smaller,
high-affinity, and easy-to-produce targeting moieties has
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led to the introduction of designed ankyrin repeat proteins
(DARPins) [23].

DARPins (~ 14 kDa) are a novel category of synthetic
consensus proteins with a randomized binding surface. They
consist of four to six ankyrin repeats that are tightly folded
together creating a hydrophobic core and a large, groove-
like binding surface [23, 25]. Their high affinity, thermo-
dynamic stability, solubility, low aggregation tendency,
and easy engineerability have made DARPins a promising
tumor-targeting alternative to mAbs [23, 26, 27]. Despite
their optimal pharmacokinetics for these applications, the
potential of DARPins to serve as targeting moieties for
NIRF/PA imaging is still to be elucidated.

This study therefore aimed to evaluate the preclinical
potential of EpCAM-binding DARPiIns as targeting moie-
ties for NIRF and PA imaging of cancer. To accomplish this,
the EpCAM-specific DARPins Ec4.1 and Ac2 were conju-
gated to NIRF dye IRDye 800CW, after which their binding
and NIRF imaging potential were evaluated using in vitro
and in vivo tumor models [28]. We focused on colon cancer
considering the strong EpCAM overexpression in this tumor
type, but consider the findings of this proof-of-concept study
as extrapolatable to virtually all EpCAM-expressing cancers.

Materials and methods
Expression and purification of DARPins

The EpCAM-binding DARPins Ac2_M34L_cys and Ec4.1_
M34L-cys (both carrying a M34L mutation and a C-termi-
nal Gly-Gly-Cys tail) were expressed and purified by the
method previously described [28-30]. Ec4.1 differs from
Ec4 by a T54A mutation in a randomized position, which
has decreased the dissociation rate constant by a factor 10
(N. Stefan et al., unpublished results) without changing the
association rate constant. The negative control DARPin Off7
was equipped with the same C-terminal Gly-Gly-Cys tail
and purified analogously [31].

Conjugation of DARPin-800CW conjugates

DARPins Ac2_M34L_cys, Ec4.1_M34L-cys, and Oft7-cys
(10 mg/mL), each containing a single-cysteine residue, were
treated with 10 equivalents of tris (2-carboxyethyl) phos-
phine (TCEP; 0.11 M in H,0, adjusted to pH 7 with NaOH)
under an atmosphere of N, for 1 h. The TCEP was removed
by filtration through Zeba spin filters (Thermo Fisher Sci-
entific, Waltham, MA, USA; MWCO 7 K) and the reduced
DARPiIn solutions were adjusted to a concentration of 5 mg/
mL with phosphate-buffered saline (PBS). Three equiva-
lents of IRDye 800CW-maleimide (LI-COR, Lincoln, NE,
Nebraska) in DMSO were added to each DARPin solution,
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which were left in the dark for 1-1.5 h with occasional shak-
ing. Excess unconjugated dye was removed by double filtra-
tion through Zeba spin filters MWCO 7 K), furnishing the
mono-800CW substituted DARPins in PBS.

Human cancer cell lines

Human colon cancer cell lines HT-29 (EpCAM-positive)
and COLO-320 (EpCAM-negative) were obtained from
ATCC and cultured in RPMI 1640 cell culture medium
(Gibco, Invitrogen, Carlsbad, CA, USA) supplemented
with L-glutamine, 25 mM HEPES, 10% fetal bovine serum
(FBS; Hyclone, Thermo Fisher Scientific), and penicillin/
streptomycin (both 100 IU/ml; Invitrogen). For in vivo stud-
ies, HT-29 was transfected with luciferase 2 (luc2) to allow
monitoring of tumor growth using bioluminescence imag-
ing (BLI). Absence of Mycoplasma was evaluated using the
polymerase chain reaction. Cells were grown in a humidified
incubator at 37 °C and 5% CO, and subsequently detached
with trypsin/EDTA (0.5% Trypsin-EDTA solution 10X ;
Santa Cruz Biotechnology, Inc, Dallas, TX, USA) when 90%
confluence was reached. Viability was assessed using the
trypan blue staining in 0.4% solution (Invitrogen).

Cell-based plate assay

Colon cancer cells were grown in a 96-well plate; 20,000
cells/well in 100 pl of complete medium (Corning Costar
Inc., Cambridge, MA, USA) until 90% confluency. Cells
were then washed twice with PBS supplemented with 0.5%
bovine serum albumin (0.5% PBSA). To evaluate DARPin
binding, HT-29_luc2 and COLO-320 cells were incubated
with Ac2-800CW, Ec4.1-800CW or non-binding control
Off7-800CW in PBS at concentrations of 1, 10, 100, or
1000 nM for 1 h. Incubation was performed on ice and with-
out exposure to light. Thereafter, cells were washed twice
with 0.5% PBSA to wash away unbound DARPin-800CW.
For competition experiments, these aforementioned steps
were slightly adapted. Washed cells were preincubated with
PBS, unconjugated Ac2, Ec4.1, or non-binding control Off7
at a concentration of 200 nM, followed by washing and incu-
bation with Ac2-800CW, Ec4.1-800CW, or Off7-800CW at
a concentration of 100 nM. DARPin-800CW fluorescence
was measured using the Odyssey CLx Infrared Imaging Sys-
tem (LI-COR) using the 800 nm channel (excitation 785 nm,
emission filter 812—823 nm). For cell number estimation via
nuclear fluorescence, cells were permeabilized with 40-60%
acetone-methanol for 5 min, washed once, and incubated
with ToPro-3 iodide (1:2000, T3605, Invitrogen, California,
USA) at room temperature for 10 min. After one washing
step, nuclear fluorescence was quantified using the 700 nm
channel of the Odyssey (excitation 685 nm, emission filter
710-730 nm). The mean fluorescence intensity (MFI) was

calculated by dividing the 800-nm fluorescence signal by
the nuclear 700-nm signal. Measurements were performed
in triplicate.

Flow cytometry

After detaching and viability assessment, cells were resus-
pended in ice-cold 0.5% PBSA at 500,000 cells/tube fol-
lowed by 2 washings. Thereafter, cells were incubated with
100 nM Ac2-800CW, Ec4.1-800CW, or Off7-800CW for
1 h. After washing twice, cells were resuspended in 400 ul
PBSA containing propidium iodide (1/4000) and measured
on a LSRFortessa flow cytometer (BD Biosciences, Frank-
lin Lanes, NJ, USA: 1.0x 10* living cells per tube) using
FACS DIVA software version 7 (BD Biosciences). All incu-
bation steps were performed on ice, without exposure to
light. Data were analyzed using FlowJo™ (version 10.8.1,
BD Biosciences).

Chamber slides

After detachment and viability assessment, cells were trans-
ferred to an 8-well Nunc™ Lab-Tek™ II Chamber Slide
(0.7 cm?/well, Thermo Fisher Scientific) at 40,000 cells/
well. Once 90% confluence was reached, the medium was
removed and the cells were washed twice in PBS for 5 min,
followed by fixation with 1% paraformaldehyde at room
temperature for 10 min. Next, cells were washed twice in
PBS for 5 min and incubated with 200 nM Ac2-800CW,
Ec4.1-800CW, or Off7-800CW on ice and without exposure
to light for 1 h, followed by washing with PBS and deminer-
alized water. Thereafter, plastic chambers were removed, and
slides were dried and subsequently stained with ProLong
Gold containing DAPI (Thermo Fisher Scientific). Slides
were scanned using the DAPI (excitation 376-398 nm,
emission filter 417-477 nm) and Cy7 channel (excitation
773-758 nm, emission filter 776-826 nm) of the Axio Scan
Z1 (Carl Zeiss AG, Oberkochen, Germany). Images were
analyzed using Zen Lite (version 3.5, Zeiss). Measurements
were performed in triplicate.

Animal models

Mice were kept at the Central Animal Facility of the LUMC,
housing animals per EU Recommendation 2007-526-
EC under specific pathogen-free conditions [19]. Six- to
twelve-week-old female CD-1® Nude (Crl:CD1-Foxnl™)
mice (Charles River Laboratories, Wilmington, MA, USA)
were subcutaneously inoculated on 4 spots on the back
with HT-29_luc2 cells (5.0 x 10° cells/spot; 3 mice per
group). Tumor growth was monitored by a digital caliper.
Orthotopic HT-29_luc2 models were induced as previously
described [32]. Orthotopic tumor growth was monitored by
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bioluminescence imaging using the IVIS® Spectrum Pre-
clinical In Vivo Imaging System (Spectrum, PerkinElmer,
MA, USA). The local animal welfare body of the LUMC
reviewed and approved all animal studies. Animals were
humanely cared for in accordance with the Code of Prac-
tice Animal Experiments in Cancer Research and guidelines
from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes. Local
standard operating procedures were followed for handling
of animals.

In vivo NIRF imaging

Once subcutaneous tumors reached approximately 50 mm?
in size, the mice were injected with either 3, 6, or 9 nmol of
Ac2-800CW, Ec4.1-800CW, or non-binding control Off7-
800CW dissolved in PBS by tail vein injection. For ortho-
topic tumors, tumors providing a BLI signal of >1.0x 108
p/sec/cm?/sr were regarded as suitable for imaging. Subcuta-
neous tumor-bearing mice were imaged at 1, 2, 4, 8, 24, 48,
and or 72 h post-injection, while orthotopic tumor-bearing
mice were imaged at the optimal imaging time point as
determined using the subcutaneous tumor-bearing mice. All
mice were imaged using both the preclinical Pearl Trilogy
Small Animal Imaging System (LI-COR, 800 nm channel,
excitation 785 nm, emission filter 820 nm) and the clinical
Artemis NIR Imaging system (Quest Medical Imaging b.v.,
Middenmeer, The Netherlands; excitation 780 nm, emission
filter 805 nm). Mice were kept under 2—4% isoflurane anes-
thesia during imaging. After the last measurement, the mice
were sacrificed and the tumors and/or organs were resected,
followed by imaging using the Pearl imaging system. Tumor
and background MFIs were calculated by drawing a region-
of-interest over the tumor area and adjacent normal tissue,
respectively, and included as separate data points for anal-
ysis. Pearl images were analyzed using the Image Studio
(version 5.2, LI-COR), while Quest images were analyzed
using the Spectrum Capture Suite (Quest Medical Imaging
b.v.) and subsequently ImageJ (version 1.50, National Insti-
tutes of Health, Bethesda, MD, USA). Tumor-to-background
ratios (TBRs) were calculated using the following formula:
TBR =MFI 0/ MFIp,cxrouna- FOr biodistribution analy-
sis, organ MFIs were calculated by drawing a ROI over the
resected organ.

In vivo PA imaging

PA imaging was performed at 24 h post-injection using
the Vevo 3100 Imaging System (FUJIFILM VisualSonics,
Canada) as described before [33]. The system was equipped
with Vevo LAZR-X cart, a Vevo LAZRTight Enclosure, and
a Vevo Imaging Station. Mice were anesthetized and placed
on a preheated imaging table. The MX550D transducer was
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used for US and PA imaging (FUJIFILM, VisualSonics;
25-55 MHz; axial resolution: 40 um; excitation 780 nm).
Images were analyzed using the Vevo LAB (version: 5.5.0,
FUJIFILM, VisualSonics). Tumor-to-background ratios
(TBRs) were calculated using the following formula:
TBR= PAtummj PAbackground'

Histological analysis

Resected tumors were embedded in 4% paraformaldehyde and
replaced by ethanol the next day, after which tumor tissues
were embedded in paraffin. Four-um-thick formalin-fixed par-
affin-embedded tissue sections were deparaffinized in xylene
for 15 min followed by fluorescence imaging using the Odys-
sey CLx Infrared Imaging System on the 800 nm channel. For
immunohistochemical staining, sections were rehydrated in a
series of decreasing ethanol dilutions and rinsed in deminer-
alized water. Endogenous peroxidase was blocked with 0.3%
hydrogen peroxide in demineralized water. Antigen retrieval
was subsequently performed by heating sections at 95 °C for
10 min in EnVision Flex Target Retrieval Solution (pH 6.0)
using PT Link (Dako, Glostrup, Denmark). After cooling
in PBS, sections were incubated overnight in a humidified
chamber at room temperature with 120 uL. primary antibody:
MOC31 (Acris antibodies, Herford, Germany; 0.06 ug/ml)
and AE1/AE3 (Dako; 0.08 mg/ml) were used for, respectively,
EpCAM and pan-cytokeratin. Next, slides were washed three
times in PBS for 5 min and incubated with secondary goat
anti-mouse EnVision antibody (Dako, K4001) at room tem-
perature for 30 min, followed by an additional washing step.
Staining was effected by incubation with 3,3-diaminobenzi-
dine tetrahydrochloride solution (DAB, K3468, Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) at room temperature
for 10 min. Sections were then counterstained with Mayer’s
hematoxylin solution (Sigma-Aldrich, Saint Louis, MO,
USA). After dehydration in an incubator at 37 °C for 1 h,
slides were mounted with Pertex (Leica Microsystems, Wet-
zlar, Germany). As histological reference, rehydrated slides
were stained with Mayer’s hematoxylin solution (Sigma-
Aldrich, Saint Louis, MO, USA) for 2 min and counterstained
with eosin for 2 min, followed by dehydrating and mounting
with Pertex. All slides were digitalized with the panoramic
digital slide scanner and analyzed using the CaseViewer 2.4
(both 3D Histech, Budapest, Hungary).

Statistical analyses

Statistical analyses and graph generation were performed
with GraphPad Prism (version 9.3.1 GraphPad Software
Inc., La Jolla, CA, USA). Differences between mean MFI
and TBRs at different time points were compared using
two-way ANOVA with Sidak correction for multiple com-
parisons. For the in vitro binding competition experiment,
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one-way ANOVA with Dunnett correction for multiple com-
parisons was used to calculate MFI differences. Differences
with a P-value smaller than 0.05 were regarded as significant
(ns: not significant. *P <0.05, **P <0.01, ***P <0.001,
**EkP <0.0001).

Results
In vitro binding of DARPin-800CW conjugates

EpCAM-binding DARPins Ac2 and Ec4.1, an affin-
ity-improved version of Ec4, and the negative control
DARPin Off7 were successfully conjugated to IRDye
800CW, with the absence of free dye in the conjugate
solution verified via sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (not shown). Next, binding to
EpCAM-positive HT-29 and EpCAM-negative COLO-
320 cell lines was evaluated in vitro. Using cell-based
plate assays, a concentration-dependent increase in
800 nm mean-fluorescence intensity (MFI) was observed
for Ac2-800CW and Ec4.1-800CW on HT-29 cells, and
a significantly lower signal on EpCAM-negative COLO-
320 cells (Fig. 1A). In contrast, Off7-800CW MFI did not
show a substantial concentration-dependent MFI increase
on either HT-29 or COLO-320 cells. Therefore, Ac2-
800CW and Ec4.1-800CW specifically bind to EpCAM-
positive HT-29 cells, while Off7-800CW does not. While
the specific binding of Ac2 and Ec4.1 has been shown
before, the present experiments show that 800CW conju-
gation neither sterically interferes with binding nor does
it induce non-specific binding through a hydrophobic
effect [28]. Binding specificity was confirmed on single
cells using flow cytometry, which showed a substantial
right-shift for Ac2-800CW and Ec4.1-800CW on HT-29
cells, but not on COLO-320 cells, thereby validating the
observed binding specificity of Ac2-800CW and Ec4.1-
800CW (Fig. 1B). As expected, Off7-800CW did not
show any right-shift for either cell line.
Immunofluorescence microscopy was subsequently per-
formed on cell-based chamber slides to evaluate the localiza-
tion of DARPin-800CW binding on HT-29 and COLO-320
cells, which showed that Ac2-800CW and Ec4.1-800CW
were present on the cell membrane of HT-29 cells, while
neither tracer bound to COLO-320 cells (Fig. 1C). Again,
Off7-800CW did not bind to HT-29 nor COLO-320 cells.

In vitro binding competition of DARPin-800CW
conjugates

To evaluate the differential epitope specificity of DARPin-
800CW conjugates, in vitro binding competition between
Ac2-800CW, Ec4.1-800CW, and Off7-800CW was assessed

on HT-29 and COLO-320 cells using a plate assay. While
Ac2-800CW and Ec4.1-800CW showed competition with
their unconjugated counterpart on HT-29 cells, competition
between Ec4.1 and Ac2 was absent, confirming that the
two DARPins target different EpCAM epitopes [28], also
when conjugated to 800CW (Fig. 2). Competition of both
EpCAM-targeting DARPins by Off7 was not significant.
Moreover, no binding and/or competition was found for all
DARPin-800CW conjugates on COLO-320 cells. Based on
the above, HT-29 was selected as a suitable EpCAM-positive
cell line for in vivo experiments.

In vivo dose and time window optimization
of DARPin-800CW conjugates

To establish the suitable in vivo dose and time window of
DARPin-800CW conjugates, HT-29_luc2 tumor-bearing
mice were injected with either 3, 6, or 9 nmol of Ac2-
800CW or Ec4.1-800CW using tail vein injection followed
by NIRF imaging at 1, 2, 4, 8, 24, 48, and 72 h post-injec-
tion using the preclinical Pearl imager. The tumor MFI,,,
as measured by the Pearl imager was observed at 1 h post-
injection, followed by an exponential decrease (Fig. 3A).
For Ac2-800CW, no substantial tumor MFI difference was
observed for the 6 and 9 nmol group, whereas for Ec4.1-
800CW, the highest tumor MFI was observed with the
9 nmol dose. Next, tumor-to-background ratios (TBRs) were
calculated to quantify the relative tumor MFI compared to
the surrounding healthy tissue. For Ac2-800CW, the highest
TBRs were observed in the 6 nmol group, while for Ec4.1-
800CW, comparable TBRs were observed in the 3 nmol and
6 nmol groups (Fig. 3B). The TBR,,,, as measured by the
preclinical Pearl imager, was observed in the 6 nmol group
at 24 h post-injection for Ac2-800CW and Ec4.1-800CW,
with 2.3+0.2 and 2.3 +0.1, respectively. Therefore, 6 nmol
and 24 h were selected as the optimal dose and imaging time
point for both DARPin tracers.

In vivo binding specificity of DARPin-800CW
conjugates

To verify in vivo binding specificity, HT-29_luc2
tumor-bearing mice were administered with 6 nmol
Ac2-800CW, Ac2-800CW, or control Off7-800CW and
imaged using the preclinical Pearl and clinical Artemis
NIRF imagers at 1, 2, 4, 8, 24, 48, and 72 h post-injec-
tion. At 24 h post-injection, a significantly higher TBR
was found for Ac2-800CW and Ec4.1-800CW com-
pared to Off7-800CW, suggesting in vivo specificity of
both EpCAM-targeting DARPin tracers (Ac2-800CW
vs. Off7-800CW: 2.3+0.2 vs. 1.8 +0.2, P=0.003;
Ec4.1-800CW vs. Off7-800CW: 2.3 +0.1 vs. 1.8 +0.2,
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Fig. 1 In vitro binding of EpCAM DARPin-800CW conjugates.
A Binding of Ac2-800CW, Ec4.1-800CW, and Off7-800CW to
HT-29 (black), and COLO-320 (grey) colon cancer cell lines at
various concentrations using cell-based plate assays. Experi-
ments were performed in triplicate. B Binding of Ac2-800CW,
Ec4.1-800CW, and Off7-800CW (each at 100 nM) to HT-29 and
COLO-320 cells using flow cytometry on the 800 nm channel.

P=0.003) (Fig. 3C). As shown in Fig. 3D, HT-29_luc2
tumors can be clearly delineated using the clinical
Artemis NIF imager after injection of Ac2-800CW and
Ec4.1-800CW, while tumors can be less clearly local-
ized using Off7-800CW. Moreover, kidney uptake was
pronounced for all EpCAM-targeting DARPin tracers.
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Dark grey curves display DARPin-800CW binding, whereas light
grey curves represent unstained cells. C Immunofluorescence
analysis of Ac2-800CW, Ec4.1-800CW, and Off7-800CW binding
to HT-29 and COLO-320 cells. The 800CW signal representing
DARPin-800CW localization is displayed in red. DAPI stained
nuclei are displayed in blue. ns, not significant. ***P <0.001,
*HEEP <0.0001

In vivo NIRF imaging potential of DARPin-800CW
conjugates

To evaluate the in vivo NIRF imaging potential of Ac2-
800CW and Ec4.1-800CW in a more clinically relevant
colon cancer model, mice were orthotopically inoculated with
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Fig.2 In vitro binding competition of DARPin-800CW conjugates
on HT-29 and COLO-320 cells. Cells were preincubated with PBS
(control), unconjugated Ac2, Ec4.1, or Off7 (each at 200 nM), fol-

HT-29_luc2 tumors in the caecum and injected with 6 nmol
Ac2-800CW or Ec4.1-800CW. For both tracers, orthotopic
HT-29_luc2 tumors could be localized with high contrast at
24 h post-injection using the clinical Artemis NIRF imager
(Fig. 4A). Mean Pearl TBRs of 4.2+0.7 and 5.3 +0.5 were
observed for Ac2-800CW and Ec4.1-800CW, respectively.
Using the clinical Artemis NIRF imager, slightly lower mean
TBRs of 2.6 +0.3 and 3.1 +£0.3 were observed for Ac2-
800CW and Ec4.1-800CW, respectively (Fig. 4B).

In vivo PA imaging potential of DARPin-800CW
conjugates

To establish the potential of DARPin-800CW conjugates as
tracers for bimodal NIRF/PA imaging, PA imaging using
Ac2-800CW or Ec4.1-800CW was performed in orthotopic
HT-29_luc2 tumor-bearing mice at 24 h post-injection. As
shown in Fig. 4C, PA signal is located inside the tumor
lesions with high intensity for both Ac2-800CW and Ec4.1-
800CW, while PA signal in surrounding tissues is limited.
PA imaging TBRs of 2.7 and 2.3 were observed for Ac2-
800CW and Ec4.1-800CW, respectively.

Biodistribution and histological analysis

To verify the biodistribution of the tracers, tumors and
organs were resected at 24 h post-injection followed by

Control Ac2 Ec4.1 Off7

Ec4.1-800CW Off7-800CW
ns ns
x ns
ns ns

1000
3
s

T 500+
=

0_

Control Ac2 Ec4.1 Off7 Control Ac2 Ec4.1 Off7
ns ns
ns ns
ns T a—

1000
3
s

T 500+
=

0_

Control Ac2 Ec4.1 Off7

lowed by incubation with DARPin-800CW conjugates (100 nM). a.u,
arbitrary units; MFI, mean fluorescence intensity; ns, not significant.
**P<0.01, ¥***P <0.001. Experiments were performed in triplicate

NIRF imaging. For both Ac2-800CW and Ec4.1-800CW,
biodistribution analysis showed higher fluorescence signal in
excretory organs such as the kidneys and liver than in tumor
tissues. The tumor MFI for Ac2-800CW (26 +12) was lower
compared than that of Ec4.1-800CW (39 + 6), although this
difference was not statistically significant (95% CI: -9, 35;
P=0.17). Macroscopic fluorescence allowed clear tumor
visualization for both tracers with low fluorescence signal
in remaining healthy organs (Fig. 4D, E).

Histological analysis showed that NIRF signals for both
Ac2-800CW and Ec4.1-800CW largely overlapped with
microscopically identified tumor areas, as well as cytokera-
tin and EpCAM staining, thereby confirming binding speci-
ficity of both tracers and indicating complete tumor penetra-
tion (Fig. 4F). As outlined above, intratumoral fluorescence
of Ac2-800CW was lower than Ec4.1-800CW fluorescence.

Discussion

Fluorescence-guided surgery can play a key role in improv-
ing radical resection rates by assisting surgeons with intra-
operative visualization of malignant tissue. The quest for
adequate tumor-targeting moieties for FGS tracers has
shifted from antibodies towards strategically designed tar-
geting molecules with optimal pharmacokinetics for in vivo
imaging, such as DARPins. Using real-time NIRF imaging

@ Springer



European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:2179-2192

A Ac2-800CW

*- Ac2-800CW 3 nmol
= Ac2-800CW 6 nmol
-+ Ac2-800CW 9 nmol

- Ac2-800CW 3 nmol
= Ac2-800CW 6 nmol
-+ Ac2-800CW 9 nmol

*- Ac2-800CW 6 nmol
= Off7-800CW 6 nmo

Subcuteanous HT-29_luc2 - 24 hours post-injection
NIRF

3
s
™
=
s
5
=
—
'I — - {* *:E
48 72
Time p.i. (h)
B Ac2-800CW
3
o * : ;
}‘9 2 n,'%~“~;1:;‘f~;— S ¥
14 T ! :
1 24 2
Time p.i. (h)
Cc
Ac2-800CW
3
4 3 » ! 1 !
o |
[=
1
o o 48 72
Time p.i. (h)
D
NIRF-Color merge
Ac2-800CW
Ec4.1-800CW
Off7-800CW

@ Springer

w

Tumor MFI (a.u.)
- N

Ec4.1-800CW

o Ec4.1-800CW 3 nmol
= Ec4.1-800CW 6 nmol
-+ Ec4.1-800CW 9 nmol

Time p.i. (h)

Ec4.1-800CW

-~ Ec4.1-800CW 3 nmol
= Ec4.1-800CW 6 nmol
-+ Ec4.1-800CW 9 nmol

+ Ec4.1-800CW 6 nmol
= Off7-800CW 6 nmol

1 24 48 72
Time p.i. (h)
Ec4.1-800CW
o 5 b : - :
o |
=
1
c T T T T
1 24 48 72
Time p.i. (h)




European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:2179-2192 2187

«Fig.3 In vivo dose and time window optimization of DARPin-
800CW conjugates. A Tumor MFIs and TBRs as a function of time
after intravenous administration of 3, 6, or 9 nmol Ac2-800CW or
Ec4.1-800CW in subcutaneous HT-29_luc2 tumor-bearing mice.
B TBRs as a function of time after intravenous administration of
6 nmol Ac2-800CW, Ec4.1-800CW, and negative control tracer Off7-
800CW in subcutaneous HT-29_luc2 tumor-bearing mice. C NIRF-
color merge and NIRF images of subcutaneous HT-29_luc2 tumor-
bearing mice at 24 h post-injection of Ac2-800CW, Ec4.1-800CW,
or Off7-800CW. Images were captured using the clinical Artemis
NIRF imager at a similar exposure time of 150 ms, allowing real-time
imaging. White arrows indicate an example of a representative tumor.
NIRF, near-infrared fluorescence; p.i., post-injection; TBR, tumor-to-
background ratio. **P <0.01

and PA imaging, we showed that EpCAM-binding DARPins
Ac2-800CW and Ec4.1-800CW provided high-contrast
tumor delineation in a clinically relevant in vivo model at
24 h post-injection, accompanied by low signals in healthy
surrounding organs. This study thereby provides the first
preclinical substantiation that EpCAM-binding DARPins are
promising targeting molecules for NIRF and PA imaging
of cancer. Considering the strong abundance of EpCAM in
a wide variety of epithelial cancer types, EpCAM-targeted
DARPin-based NIRF/PA imaging tracers may be deployed
in a broad, pan-carcinoma clinical context.
Intraoperatively, combining NIRF with PA imaging
provides a powerful diagnostic and screening tool, allow-
ing detection of malignant tissue located beyond NIRF
imaging’s penetration capability using a single-contrast
agent injection. Once a lesion is identified and approached
guided by PA imaging, NIRF imaging allows tumor iden-
tification and removal with higher accuracy by overlaying
the actual surgeon’s view with real-time fluorescence. The
synergy between PA and NIRF imaging thus provides an
improved intraoperative tumor imaging approach, where the
strengths of each modality complement and compensate for
their individual limitations. Several studies have success-
fully described the use of 800CW-based contrast agents for
bimodal NIRF/PA imaging [33, 34]. Intraoperatively, Tum-
mers et al. demonstrated a 3.7-fold higher mean PA signal
in primary pancreatic cancer lesions compared to normal
pancreatic tissue using the anti-EGFR tracer cetuximab-
800CW, providing the first clinical evidence of the combined
NIRF/PA imaging approach. Despite these promising find-
ings, routine implementation is hampered by, among others,
the clinical availability of PA imaging systems [35]. In con-
trast to NIRF/PA imaging, research into DARPins as tumor
imaging agents has primarily focused on nuclear imaging,
which has already yielded multiple encouraging results [28,
36—40]. Recently, a first-in-human study evaluating the anti-
HER2 DARPin tracer *™Tc-(HE);-G3 for SPECT imaging
of breast cancer reported a favorable safety and tolerability
profile, and it showed clear visualization of both primary
and metastatic HER2-positive lesions (NCT(04277338) [41].

Interestingly, clinically defined HER2-negative tumors could
also be visualized, albeit with lower contrast. Vorobyeva
et al. evaluated, in a preclinical setting, the PET imaging
potential of the EpCAM-binding DARPin Ec1 conjugated to
['*T]I-PIB in a human ovarian cancer xenograft model and
observed a tumor-to-blood ratio of 19 at 6 h post-injection,
which increased to 31 at 24 h post-injection, thereby provid-
ing high-contrast tumor localization [38]. Although lower
TBRs were achieved using NIRF instead of radiation, we
observed a TBR increase to > 2 in the subcutaneous model
until 24 h post-injection, providing clear tumor localiza-
tion. Obviously, tumor-to-blood ratios from nuclear imag-
ing studies cannot be directly compared to tumor-to-back-
ground tissue ratios in NIRF imaging. This is largely caused
by the presence of endogenous autofluorescence and NIR
light absorption/scattering which can increase background
signal, decreasing the TBR [42-44]. Of note, TBRs in the
range from 2 to 3 are typically observed using NIRF-labeled,
tumor-targeted nanobodies, which share similar pharma-
cokinetic properties with DARPins, further substantiating
our findings [45, 46]. Moreover, even though Off7-800CW
binding was not observed in vitro, some tumor fluorescence
was observed in vivo, albeit at lower levels compared to
Ec4.1/Ac2-800CW. The phenomenon that untargeted tracers
show low, non-specific intratumoral uptake in human tumors
grown in mice is common and attributed to the enhanced
permeability and retention (EPR) effect [47].

Besides the contrast between the primary tumor and
direct background (TBR), sufficient contrast between other
healthy organs and common (distant) metastatic sites is cru-
cial to decrease false-positivity and allow adequate NIRF/
PA imaging-based intraoperative staging [48, 49]. For
colon carcinoma, common metastatic sites are the liver and
peritoneum [50]. Our biodistribution analysis at 24 h post-
injection showed high fluorescence in the liver and kidneys,
in line with previous reports on DARPin-based imaging
[38, 51]. As high liver fluorescence was observed for both
DARPin tracers, visualization of hepatic metastases could
potentially be impaired in the clinical setting, which should
be considered when choosing suitable applications. In con-
trast, the high kidney fluorescence, which can be attrib-
uted to renal clearance of the construct, will be reduced in
humans due to the presence of a more pronounced retro-
peritoneal perinephric fat layer along with Gerota’s fascia
[45]. Moreover, renal metastases are rarely observed for any
cancer type [52]. Nonetheless and in line with previous lit-
erature, DARPin-800CW conjugate fluorescence in perito-
neal organs has been found to be low, theoretically allowing
visualization of EpCAM-expressing peritoneal depositions
using both DARPins tracers [37, 38, 40].

The use of mAbs has dominated the molecular imag-
ing field for years as the first targeting molecule-of-choice
[53, 54]. Despite their favorable stability, specificity, and
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«Fig.4 In vivo NIRF imaging and PA imaging using DARPin-800CW
conjugates. A NIRF-color merge and NIRF images of orthotopic
HT-29_luc2 tumor-bearing mice at 24 h post-injection of Ac2-
800CW or Ec4.1-800CW. Images were captured using the clinical
Artemis NIRF imager at an exposure time of 150 ms. “T” indicates
the tumor localization, while “Cae’” indicates the corresponding
background tissue (caecum). Mouse-specific TBRs are indicated in
white in the right-upper quadrant of the NIRF images. B TBRs of
orthotopic HT-29_luc2 tumors 24 h after intravenous administra-
tion of 6 nmol Ac2-800CW or Ec4.1-800CW as measured using the
clinical Artemis NIRF imager. Mean TBRs are represented by the
horizontal line together with their error bars representing the standard
deviation. C Representative US and PA images of orthotopic HT-29_
luc2 tumor-bearing mice at 24 h post-injection of Ac2-800CW or
Ec4.1-800CW. Images were captured using a penetration depth of
approximately 1.5 cm. Tumors are delineated with a green line. D
Biodistribution in orthotopic HT-29_luc2 tumors and healthy organs
of mice at 24 h post-injection of Ac2-800CW or Ec4.1-800CW. 1:
lungs, 2: heart, 3: pancreas, 4: spleen, 5: stomach, 6: small intestine,
7: caecum, 8: rectum, 9: muscle, 10: brain, 11: skin, 12: liver, 13: kid-
neys, and 14: tumor. E Macroscopic fluorescence biodistribution of
orthotopic HT-29_luc2 tumors and healthy organs at 24 h post-injec-
tion of Ac2-800CW or Ec4.1-800CW (Pearl imager). F HE staining,
800 nm heatmap and merge, as well as cytokeratin and EpCAM stain-
ings of sequential tissue sections derived from orthotopic HT-29_
luc2 tumors at 24 h post-injection of Ac2-800CW or Ec4.1-800CW.
Tumors are delineated by dashed white lines. HE-NIRF and cytoker-
atin-EpCAM images are taken atX2 and X 15 magnification, respec-
tively. Scale bars represent 100 um. a.u, arbitrary units; HE, hema-
toxylin-eosin; MFI, mean fluorescence intensity; NIRF, near-infrared
fluorescence; PA, photoacoustic; TBR, tumor-to-background ratio;
US, ultrasound

target affinity, mAb-based tumor imaging is complicated by
high costs, limited extravasation, and poor tissue penetra-
tion, resulting in a relatively long time frame (3 to 5 days)
between tracer injection and imaging [23, 24]. The use of
smaller targeting molecules may improve extravasation and
tissue penetration and shorten the time between injection and
imaging; however, their size reduction should be compen-
sated by enhanced target affinity (Kp), in order to achieve
similar tumor uptake compared to larger molecules [55,
56]. Despite relevant affinity differences between Ac2 (Kp:
130 nM) and Ec4.1 (K: 0.2 nM, ca. tenfold improved over
the previously published Ec4, cf. “Materials and Methods”
[28]), we found that TBRs and tumor MFIs of both DARPin
tracers were sufficiently high to allow adequate tumor visu-
alization. Nonetheless, both TBRs and MFIs were somewhat
higher for the high-affinity Ec4.1, albeit only at the border
of statistical significance. Of note, Ac2 and Ec4.1 affinities
are comparable or higher than those of therapeutic EpCAM
mAbs, such as adecatumumab (Kp: 91 nM) or edrecolomab
(Kp: 1530 nM) [57].

In line with these findings, Zahnd et al. [58] systemati-
cally investigated the influence of molecular mass and affin-
ity on tumor accumulation of DARPins. A strong correla-
tion of tumor accumulation with affinity was found for these
small proteins, when accumulation was evaluated by radio-
activity accumulation as a function of time. Interestingly,

increasing the size of the DARPins to 30 kDa resulted in
significantly lower tumor accumulation after 24 h, similar
to the lower values observed for scFvs, whereas valency as
such had no influence on accumulation for molecules with
already very high affinity [58]. For larger proteins (such as
PEGylated DARPins) affinity became less important. In
modelling studies, these experimental findings were com-
pletely replicated and explained by the need to avidly retain
molecules of fast diffusion [59].

Although the potential effect of IRDye800CW conjuga-
tion on affinity was not quantified, the retained specificity
is consistent, with the dye not interacting with the target
nor impeding the interaction. Previous studies have already
indicated that DARPin selectivity and affinity were retained
after conjugation [30, 58, 60]. The quantitative influence of
affinity and size on total accumulation, however, strongly
depends on the tumor model used, regarding accessibility
(orthotopic versus subcutaneous) and target expression level.

The fact that DARPins can easily be equipped with a
free and unique C-terminal cysteine moiety, to enable site-
specific labeling, is an important advantage of recombi-
nant proteins above conventional, non-recombinant anti-
bodies. Traditionally, mAbs are conjugated in a random
manner using N-hydroxysuccinimide ester chemistry to
link the dye to primary amino groups, generating a het-
erogenous conjugate in which individual mAbs contain
a varying number of dye molecules and exhibit different
pharmacokinetics [61-63]. Site-specific labeling, as used
for DARPins, generates homogenous conjugates and pre-
vents steric hindrance of the antigen-binding domain as
well as quenching of fluorescence due to high localized
fluorophore density [63, 64]. As both Ac2-800CW and
Ec4.1-800CW allowed clear visualization of malignant tis-
sue using a clinical NIRF camera system, no detrimental
effect of site-specific conjugation was observed.

This study has some limitations. First, any in vivo
tumor model is only an approximation of clinical practice.
While EpCAM is expressed in most normal human epi-
thelia, mice do not naturally express the human EpCAM
protein, which might lead to an overestimation of the TBR
[65]. However, previous research has shown that EpCAM
is overexpressed up to 1000-fold on human tumor tissue
compared to healthy tissue, thereby compensating for this
potential overestimation [19, 21, 66]. Furthermore, the
level of heterogeneity in human carcinomas is not repli-
cated well in our in vivo model and therefore the extent
of tumor penetration and diffusion of the tracers cannot
be extrapolated. Since the amount of extracellular matrix
is inversely correlated with the tumor penetration poten-
tial of targeting molecules, the tumor penetration capacity
by DARPins reported herein could be reduced in clinical
practice [55]. Even the use of clinically relevant tumour
models, such as patient-derived xenografts or complex
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co-culture models could not compensate for this issue [67,
68]. Secondly, it is possible that the optimal time window
was outside the measured imaging times. However, ethi-
cal standards for animal care limited the number of pos-
sible measurements. Therefore, imaging times were chosen
based on their clinical practicality. Of note, a time frame
of 24 h between injection and imaging has been exten-
sively used in clinical practice for NIRF imaging of liver
metastasis using ICG and was found to be practical [69].

Our experiments confirmed that Ac2 and Ec4.1 target
different EpCAM epitopes with different affinity. Because
high affinity is not per se the most important characteristic
for tumor targeting, future research could therefore focus
on the development of a bivalent Ac2-Ec4.1 DARPin dimer
or other construct that may have even better binding poten-
tial for tumor-associated EpCAM. However, the opposing
effects of avidity and hindered diffusion with the larger size
[58] will require an experimental testing of this strategy. The
flexible engineerability of DARPins allows for the creation
of additional conjugation sites, enabling simultaneous con-
jugation with additional NIRF dyes or (radio)labels. This
may provide opportunities for dual-labeled DARPins that
may be used for trimodal NIRF/PA/nuclear imaging and/
or therapeutic applications via one single administration.
For instance, Van Den Brand et al. evaluated the potential
for photodynamic therapy of IRDye700DX-conjugated
EpCAM-binding DARPins Ac2 and Ec1 and showed effec-
tive in vitro cytotoxicity on EpCAM-positive human ovar-
ian cancer cell lines [70]. Lastly, considering the clinical
availability of IRDye 800CW, a rapid clinical translation
of both EpCAM-binding DARPIn tracers evaluated herein
is feasible.

Conclusion

To conclude, our findings show that bimodal NIRF/PA
imaging using EpCAM-binding DARPin tracers Ac2-
800CW and Ec4.1-800CW allows for clear colon tumor
delineation at a rapid and clinically practical time window
of 24 h post-injection. Thanks to both the tumor-specific
expression pattern of EpCAM and the optimal pharma-
cokinetics and flexible manufacturability of DARPins,
EpCAM-binding DARPins form a promising class of pan-
carcinoma targeting agents. This study provides the pre-
clinical foundation for DARPin-based bimodal NIRF/PA
imaging of cancer and paves the way for further optimiza-
tion, evaluation, and clinical translation of such agents.

Acknowledgements We thank Dima Almandawi and Ronald van Vli-
erberghe for their assistance with in vitro experiments, immunohis-
tochemistry, and tissue slide scanning. We are grateful to Dr. Hannes
Merten and Dr. Fabian Brandl (University of Ziirich) for providing the
proteins for coupling and helpful discussions on the coupling protocols.

@ Springer

Author contribution R.D.H and N.B. were responsible for conceptualiza-
tion, methodology, formal analysis, and visualization. N.B., T.M., V.Q.S.,
and T.S. contributed to the experimental work. R.D.H. wrote the original
draft of the manuscript. All remaining authors contributed to reviewing
and editing of the manuscript. C.F.M.S. was responsible for supervision.
All authors read and approved the final version of the manuscript.

Availability of data, material, and code The datasets generated during
and/or analyzed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval The local animal welfare body of the LUMC reviewed
and approved all animal studies. Animals were humanely cared for in
accordance with the Code of Practice Animal Experiments in Cancer
Research and guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes.

Conflict of interest All authors except A.P. report no conflict of inter-
est. A.P is a cofounder and shareholder of Molecular Partners AG, who
is commercializing the DARPin technology.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I,
Jemal A, et al. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin. 2021;71(3):209-49. https://doi.org/
10.3322/caac.21660.

2. Khan MA, Hakeem AR, Scott N, Saunders RN. Significance of R1
resection margin in colon cancer resections in the modern era. Colo-
rectal Dis. 2015;17(11):943-53. https://doi.org/10.1111/codi.12960.

3. Nagtegaal ID, Quirke P. What is the role for the circumferential
margin in the modern treatment of rectal cancer? J Clin Oncol.
2008;26(2):303-12. https://doi.org/10.1200/jc0.2007.12.7027.

4. Osipov A, Nissen N, Rutgers J, Dhall D, Naziri J, Chopra S, et al. Rede-
fining the positive margin in pancreatic cancer: impact on patterns
of failure, long-term survival and adjuvant therapy. Ann Surg Oncol.
2017;24(12):3674-82. https://doi.org/10.1245/s10434-017-6076-z.

5. Osarogiagbon RU, Lin CC, Smeltzer MP, Jemal A. Prevalence, prognostic
implications, and survival modulators of incompletely resected non-
small cell lung cancer in the U.S. National Cancer Data Base. J Thorac
Oncol. 2016;11(1):e5-16. https://doi.org/10.1016/j.jtho.2015.08.002.

6. Vahrmeijer AL, Frangioni JV. Seeing the invisible during surgery.
BrJ Surg. 2011;98(6):749-50. https://doi.org/10.1002/bjs.7538.

7. Mieog JSD, Achterberg FB, Zlitni A, Hutteman M, Burggraaf J,
Swijnenburg RJ, et al. Fundamentals and developments in fluores-
cence-guided cancer surgery. Nat Rev Clin Oncol. 2022;19(1):9-
22. https://doi.org/10.1038/s41571-021-00548-3.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1111/codi.12960
https://doi.org/10.1200/jco.2007.12.7027
https://doi.org/10.1245/s10434-017-6076-z
https://doi.org/10.1016/j.jtho.2015.08.002
https://doi.org/10.1002/bjs.7538
https://doi.org/10.1038/s41571-021-00548-3

European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:2179-2192

2191

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mieog JSD, Achterberg FB, Zlitni A, Hutteman M, Burggraaf J,
Swijnenburg RJ, et al. Fundamentals and developments in fluores-
cence-guided cancer surgery. Nat Rev Clin Oncol. 2021. https://
doi.org/10.1038/s41571-021-00548-3.

Handgraaf HIM, Boogerd LSF, Hoppener DJ, Peloso A, Sibinga
Mulder BG, Hoogstins CES, et al. Long-term follow-up after
near-infrared fluorescence-guided resection of colorectal liver
metastases: a retrospective multicenter analysis. Eur J Surg Oncol.
2017;43(8):1463-71. https://doi.org/10.1016/j.ejs0.2017.04.016.
de Valk KS, Deken MM, Schaap DP, Meijer RP, Boogerd LS,
Hoogstins CE, et al. Dose-finding study of a CEA-targeting agent,
SGM-101, for intraoperative fluorescence imaging of colorectal
cancer. Ann Surg Oncol. 2021;28(3):1832-44. https://doi.org/10.
1245/510434-020-09069-2.

Vahrmeijer AL, Hutteman M, van der Vorst JR, van de Velde CJH,
Frangioni JV. Image-guided cancer surgery using near-infrared
fluorescence. Nat Rev Clin Oncol. 2013;10(9):507-18. https://
doi.org/10.1038/nrclinonc.2013.123.

Almarhaby A, Lees J, Bugby S, Alqahtani M, Jambi L, McKnight
W, et al. Characterisation of a near-infrared (NIR) fluorescence
imaging systems intended for hybrid gamma-NIR fluorescence
image guided surgery. J Instrum. 2019;14(07):P07007.

. Attia ABE, Balasundaram G, Moothanchery M, Dinish

US, Bi R, Ntziachristos V, et al. A review of clinical photoa-
coustic imaging:current and future trends. Photoacoustics.
2019;16:100144. https://doi.org/10.1016/j.pacs.2019.100144.
ZhaoJ, ChenJ,Ma S, Liu Q, Huang L, Chen X, et al. Recent develop-
ments in multimodality fluorescence imaging probes. Acta Pharm Sin
B. 2018;8(3):320-38. https://doi.org/10.1016/j.apsb.2018.03.010.
Vermeulen I, Isin EM, Barton P, Cillero-Pastor B, Heeren RMA.
Multimodal molecular imaging in drug discovery and develop-
ment. Drug Discov Today. 2022;27(8):2086-99. https://doi.org/
10.1016/j.drudis.2022.04.009.

Sankpal NV, Brown TC, Fleming TP, Herndon JM, Amaravati AA,
Loynd AN, et al. Cancer-associated mutations reveal a novel role for
EpCAM as an inhibitor of cathepsin-L and tumor cell invasion. BMC
Cancer. 2021;21(1):541. https://doi.org/10.1186/s12885-021-08239-z.
Patriarca C, Macchi RM, Marschner AK, Mellstedt H. Epithelial
cell adhesion molecule expression (CD326) in cancer: a short
review. Cancer Treat Rev. 2012;38(1):68-75. https://doi.org/10.
1016/j.ctrv.2011.04.002.

Munz M, Baeuerle PA, Gires O. The emerging role of EpCAM in
cancer and stem cell signaling. Cancer Res. 2009;69(14):5627-9.
https://doi.org/10.1158/0008-5472.Can-09-0654.

Spizzo G, Fong D, Wurm M, Ensinger C, Obrist P, Hofer C, et al.
EpCAM expression in primary tumour tissues and metastases: an
immunohistochemical analysis. J Clin Pathol. 2011;64(5):415-20.
https://doi.org/10.1136/jcp.2011.090274.

van Driel PBAA, Boonstra MC, Prevoo HAJM, van de Giessen
M, Snoeks TJA, Tummers QRIJG, et al. EpCAM as multi-tumour
target for near-infrared fluorescence guided surgery. BMC Cancer.
2016;16:884. https://doi.org/10.1186/s12885-016-2932-7.
Boogerd LSF, Boonstra MC, Prevoo H, Handgraaf HIM, Kup-
pen PJK, van de Velde CJH, et al. Fluorescence-guided tumor
detection with a novel anti-EpCAM targeted antibody fragment:
preclinical validation. Surg Oncol. 2019;28:1-8. https://doi.org/
10.1016/j.suronc.2018.10.004.

Hall MA, Pinkston KL, Wilganowski N, Robinson H, Ghosh P,
Azhdarinia A, et al. Comparison of mAbs targeting epithelial cell
adhesion molecule for the detection of prostate cancer lymph node
metastases with multimodal contrast agents: quantitative small-
animal PET/CT and NIRF. J Nucl Med. 2012;53(9):1427-37.
https://doi.org/10.2967/jnumed.112.106302.

Pliickthun A. Designed ankyrin repeat proteins (DARPins): bind-
ing proteins for research, diagnostics, and therapy. Annu Rev

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Pharmacol Toxicol. 2015;55(1):489-511. https://doi.org/10.1146/
annurev-pharmtox-010611-134654.

Sousa F, Castro P, Fonte P, Kennedy PJ, Neves-Petersen MT, Sarmento
B. Nanoparticles for the delivery of therapeutic antibodies: dogma or
promising strategy? Expert Opin Drug Deliv. 2017;14(10):1163-76.
https://doi.org/10.1080/17425247.2017.1273345.

Stumpp MT, Binz HK, Amstutz P. DARPins: a new generation of
protein therapeutics. Drug Discov Today. 2008;13(15-16):695—
701. https://doi.org/10.1016/j.drudis.2008.04.013.

Stumpp MT, Amstutz P. DARPins: a true alternative to antibodies.
Curr Opin Drug Discov Devel. 2007;10(2):153-9.

Shilova ON, Deyev SM. DARPins: promising scaffolds for thera-
nostics. Acta Naturae. 2019;11(4):42-53. https://doi.org/10.
32607/20758251-2019-11-4-42-53.

Stefan N, Martin-Killias P, Wyss-Stoeckle S, Honegger A,
Zangemeister-Wittke U, Pliickthun A. DARPins recognizing
the tumor-associated antigen EpCAM selected by phage and
ribosome display and engineered for multivalency. J Mol Biol.
2011;413(4):826-43. https://doi.org/10.1016/j.jmb.2011.09.016.
Tamaskovic R, Simon M, Stefan N, Schwill M, Pliickthun A.
Designed ankyrin repeat proteins (DARPins) from research to
therapy. Methods Enzymol. 2012;503:101-34. https://doi.org/
10.1016/6978-0-12-396962-0.00005-7.

Simon M, Zangemeister-Wittke U, Pliickthun A. Facile double-
functionalization of designed ankyrin repeat proteins using click
and thiol chemistries. Bioconjug Chem. 2012;23(2):279-86.
https://doi.org/10.1021/bc200591x.

Binz HK, Amstutz P, Kohl A, Stumpp MT, Briand C, Forrer P,
et al. High-affinity binders selected from designed ankyrin repeat
protein libraries. Nat Biotechnol. 2004;22(5):575-82. https://doi.
org/10.1038/nbt962.

Tseng W, Leong X, Engleman E. Orthotopic mouse model of colo-
rectal cancer. J Vis Exp. 2007;10:484. https://doi.org/10.3791/484.
Baart VM, van der Horst G, Deken MM, Bhairosingh SS, Scho-
mann T, Sier VQ, et al. A multimodal molecular imaging approach
targeting urokinase plasminogen activator receptor for the diagnosis,
resection and surveillance of urothelial cell carcinoma. Eur J Cancer.
2021;146:11-20. https://doi.org/10.1016/j.ejca.2021.01.001.
Tummers WS, Miller SE, Teraphongphom NT, Gomez A, Stein-
berg I, Huland DM, et al. Intraoperative pancreatic cancer detec-
tion using tumor-specific multimodality molecular imaging.
Ann Surg Oncol. 2018;25(7):1880-8. https://doi.org/10.1245/
$10434-018-6453-2.

Tummers WS, Willmann JK, Bonsing BA, Vahrmeijer AL, Gamb-
hir SS, Swijnenburg RJ. Advances in diagnostic and intraoperative
molecular imaging of pancreatic cancer. Pancreas. 2018;47(6):675—
89. https://doi.org/10.1097/mpa.0000000000001075.
Martin-Killias P, Stefan N, Rothschild S, Pliickthun A,
Zangemeister-Wittke U. A novel fusion toxin derived from an
EpCAM-specific designed ankyrin repeat protein has potent
antitumor activity. Clin Cancer Res. 2011;17(1):100-10. https://
doi.org/10.1158/1078-0432.Ccr-10-1303.

Vorobyeva A, Konovalova E, Xu T, Schulga A, Altai M, Garousi
J, et al. Feasibility of imaging EpCAM expression in ovarian can-
cer using radiolabeled DARPin Ecl. Int J] Mol Sci. 2020;21(9).
https://doi.org/10.3390/ijms21093310.

Vorobyeva A, Bezverkhniaia E, Konovalova E, Schulga A,
Garousi J, Vorontsova O, et al. Radionuclide molecular imag-
ing of EpCAM expression in triple-negative breast cancer using
the scaffold protein DARPin Ecl. Molecules. 2020;25(20):4719.
https://doi.org/10.3390/molecules25204719.

Tolmachev V, Bodenko V, Orlova A, Schulga A, Deyev SM,
Vorobyeva A. Visualization of epithelial cell adhesion molecule-
expressing renal cell carcinoma xenografts using designed ankyrin
repeat protein Ecl labelled with (99m)Tc and (125)1. Oncol Lett.
2023;25(1):12. https://doi.org/10.3892/01.2022.13598.

@ Springer


https://doi.org/10.1038/s41571-021-00548-3
https://doi.org/10.1038/s41571-021-00548-3
https://doi.org/10.1016/j.ejso.2017.04.016
https://doi.org/10.1245/s10434-020-09069-2
https://doi.org/10.1245/s10434-020-09069-2
https://doi.org/10.1038/nrclinonc.2013.123
https://doi.org/10.1038/nrclinonc.2013.123
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1016/j.apsb.2018.03.010
https://doi.org/10.1016/j.drudis.2022.04.009
https://doi.org/10.1016/j.drudis.2022.04.009
https://doi.org/10.1186/s12885-021-08239-z
https://doi.org/10.1016/j.ctrv.2011.04.002
https://doi.org/10.1016/j.ctrv.2011.04.002
https://doi.org/10.1158/0008-5472.Can-09-0654
https://doi.org/10.1136/jcp.2011.090274
https://doi.org/10.1186/s12885-016-2932-7
https://doi.org/10.1016/j.suronc.2018.10.004
https://doi.org/10.1016/j.suronc.2018.10.004
https://doi.org/10.2967/jnumed.112.106302
https://doi.org/10.1146/annurev-pharmtox-010611-134654
https://doi.org/10.1146/annurev-pharmtox-010611-134654
https://doi.org/10.1080/17425247.2017.1273345
https://doi.org/10.1016/j.drudis.2008.04.013
https://doi.org/10.32607/20758251-2019-11-4-42-53
https://doi.org/10.32607/20758251-2019-11-4-42-53
https://doi.org/10.1016/j.jmb.2011.09.016
https://doi.org/10.1016/b978-0-12-396962-0.00005-7
https://doi.org/10.1016/b978-0-12-396962-0.00005-7
https://doi.org/10.1021/bc200591x
https://doi.org/10.1038/nbt962
https://doi.org/10.1038/nbt962
https://doi.org/10.3791/484
https://doi.org/10.1016/j.ejca.2021.01.001
https://doi.org/10.1245/s10434-018-6453-2
https://doi.org/10.1245/s10434-018-6453-2
https://doi.org/10.1097/mpa.0000000000001075
https://doi.org/10.1158/1078-0432.Ccr-10-1303
https://doi.org/10.1158/1078-0432.Ccr-10-1303
https://doi.org/10.3390/ijms21093310
https://doi.org/10.3390/molecules25204719
https://doi.org/10.3892/ol.2022.13598

2192

European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:2179-2192

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Deyev SM, Xu T, Liu Y, Schulga A, Konovalova E, Garousi J,
et al. Influence of the position and composition of radiomet-
als and radioiodine labels on imaging of Epcam expression in
prostate cancer model using the DARPin Ecl. Cancers (Basel).
2021;13(14):3589. https://doi.org/10.3390/cancers13143589.
Bragina O, Chernov V, Schulga A, Konovalova E, Garbukov E, Voro-
byeva A, et al. Phase I trial of (99m)Tc-(HE)(3)-G3, a DARPin-based
probe for imaging of HER?2 expression in breast cancer. J Nucl Med.
2022;63(4):528-35. https://doi.org/10.2967/jnumed.121.262542.
Zhang Y, Hong H, Severin GW, Engle JW, Yang Y, Goel S, et al.
ImmunoPET and near-infrared fluorescence imaging of CD105
expression using a monoclonal antibody dual-labeled with (89)
Zr and IRDye 800CW. Am J Transl Res. 2012;4(3):333-46.

Hu Z, Chen WH, Tian J, Cheng Z. NIRF nanoprobes for can-
cer molecular imaging: approaching clinic. Trends Mol Med.
2020;26(5):469-82. https://doi.org/10.1016/j.molmed.2020.02.003.
Gioux S, Choi HS, Frangioni JV. Image-guided surgery using
invisible near-infrared light: fundamentals of clinical translation.
Mol Imaging. 2010;9(5):237-55.

Lwin TM, Hernot S, Hollandsworth H, Amirfakhri S, Filemoni F,
Debie P, et al. Tumor-specific near-infrared nanobody probe rapidly
labels tumors in an orthotopic mouse model of pancreatic cancer. Sur-
gery. 2020;168(1):85-91. https://doi.org/10.1016/j.surg.2020.02.020.
van Driel PB, van der Vorst JR, Verbeek FP, Oliveira S, Snoeks
TJ, Keereweer S, et al. Intraoperative fluorescence delineation of
head and neck cancer with a fluorescent anti-epidermal growth
factor receptor nanobody. Int J Cancer. 2014;134(11):2663-73.
https://doi.org/10.1002/ijc.28601.

Nichols JW, Bae YH. EPR: evidence and fallacy. J Control Release.
2014;190:451-64. https://doi.org/10.1016/j.jconrel.2014.03.057.
Emile SH, Elfeki H, Shalaby M, Sakr A, Sileri P, Laurberg S,
et al. Sensitivity and specificity of indocyanine green near-infrared
fluorescence imaging in detection of metastatic lymph nodes in
colorectal cancer: systematic review and meta-analysis. J Surg
Oncol. 2017;116(6):730—40. https://doi.org/10.1002/js0.24701.
Harlaar NJ, Koller M, de Jongh SJ, van Leeuwen BL, Hemmer
PH, Kruijff S, et al. Molecular fluorescence-guided surgery of
peritoneal carcinomatosis of colorectal origin: a single-centre fea-
sibility study. Lancet Gastroenterol Hepatol. 2016;1(4):283-90.
https://doi.org/10.1016/s2468-1253(16)30082-6.

Pretzsch E, Bosch F, Neumann J, Ganschow P, Bazhin A, Guba M,
et al. Mechanisms of metastasis in colorectal cancer and metastatic
organotropism: hematogenous versus peritoneal spread. J Oncol.
2019;2019:7407190. https://doi.org/10.1155/2019/7407190.
Deyev S, Vorobyeva A, Schulga A, Proshkina G, Giiler R, Lof-
blom J, et al. Comparative evaluation of two DARPin variants:
effect of affinity, size, and label on tumor targeting properties. Mol
Pharm. 2019;16(3):995-1008. https://doi.org/10.1021/acs.molph
armaceut.8b00922.

Zhou C, Urbauer DL, Fellman BM, Tamboli P, Zhang M,
Matin SF, et al. Metastases to the kidney: a comprehensive
analysis of 151 patients from a tertiary referral centre. BJU Int.
2016;117(5):775-82. https://doi.org/10.1111/bju.13194.

He K, Zeng S, Qian L. Recent progress in the molecular imag-
ing of therapeutic monoclonal antibodies. J Pharm Anal.
2020;10(5):397-413. https://doi.org/10.1016/j.jpha.2020.07.006.
Dammes N, Peer D. Monoclonal antibody-based molecular
imaging strategies and theranostic opportunities. Theranostics.
2020;10(2):938-55. https://doi.org/10.7150/thno.37443.

Xenaki KT, Oliveira S, van Bergen En Henegouwen PMP.
Antibody or antibody fragments: implications for molecular
imaging and targeted therapy of solid tumors. Front Immunol.
2017;8:1287. https://doi.org/10.3389/fimmu.2017.01287.
Schmidt MM, Wittrup KD. A modeling analysis of the effects
of molecular size and binding affinity on tumor targeting. Mol

@ Springer

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cancer Ther. 2009;8(10):2861-71. https://doi.org/10.1158/1535-
7163.Mct-09-0195.

Miinz M, Murr A, Kvesic M, Rau D, Mangold S, Pflanz S, et al.
Side-by-side analysis of five clinically tested anti-EpCAM mono-
clonal antibodies. Cancer Cell Int. 2010;10:44. https://doi.org/10.
1186/1475-2867-10-44.

Zahnd C, Kawe M, Stumpp MT, de Pasquale C, Tamaskovic R,
Nagy-Davidescu G, et al. Efficient tumor targeting with high-
affinity designed ankyrin repeat proteins: effects of affinity and
molecular size. Cancer Res. 2010;70(4):1595-605. https://doi.org/
10.1158/0008-5472.Can-09-2724.

Wittrup KD, Thurber GM, Schmidt MM, Rhoden J]J. Practical
theoretic guidance for the design of tumor-targeting agents. Meth-
ods Enzymol. 2012;503:255-68. https://doi.org/10.1016/b978-0-
12-396962-0.00010-0.

Brandl F, Busslinger S, Zangemeister-Wittke U, Pliickthun A.
Optimizing the anti-tumor efficacy of protein-drug conjugates by
engineering the molecular size and half-life. J Control Release.
2020;327:186-97. https://doi.org/10.1016/j.jconrel.2020.08.004.
Sato K, Gorka AP, Nagaya T, Michie MS, Nani RR, Nakamura
Y, et al. Role of fluorophore charge on the in vivo optical imag-
ing properties of near-infrared cyanine dye/monoclonal antibody
conjugates. Bioconjug Chem. 2016;27(2):404—13. https://doi.org/
10.1021/acs.bioconjchem.5b00492.

Cilliers C, Nessler I, Christodolu N, Thurber GM. Tracking antibody dis-
tribution with near-infrared fluorescent dyes: impact of dye structure and
degree of labeling on plasma clearance. Mol Pharm. 2017;14(5):1623—
33, https://doi.org/10.1021/acs.molpharmaceut.6b01091.

Agarwal P, Bertozzi CR. Site-specific antibody-drug conjugates:
the nexus of bioorthogonal chemistry, protein engineering, and
drug development. Bioconjug Chem. 2015;26(2):176-92. https://
doi.org/10.1021/bc5004982.

Zhegalova NG, He S, Zhou H, Kim DM, Berezin MY. Minimiza-
tion of self-quenching fluorescence on dyes conjugated to biomol-
ecules with multiple labeling sites via asymmetrically charged
NIR fluorophores. Contrast Media Mol Imaging. 2014;9(5):355—
62. https://doi.org/10.1002/cmmi.1585.

Trzpis M, McLaughlin PM, Popa ER, Terpstra P, van Kooten TG,
de Leij LM, et al. EpCAM homologues exhibit epithelial-specific
but different expression patterns in the kidney. Transgenic Res.
2008;17(2):229-38. https://doi.org/10.1007/s11248-007-9141-8.
Went P, Vasei M, Bubendorf L, Terracciano L, Tornillo L, Riede U,
et al. Frequent high-level expression of the immunotherapeutic target
Ep-CAM in colon, stomach, prostate and lung cancers. Br J Cancer.
2006;94(1):128-35. https://doi.org/10.1038/s]j.bjc.6602924.

De Angelis ML, Francescangeli F, Nicolazzo C, Xhelili E, La
Torre F, Colace L, et al. An orthotopic patient-derived xenograft
(PDX) model allows the analysis of metastasis-associated features
in colorectal cancer. Front Oncol. 2022;12:869485. https://doi.org/
10.3389/fonc.2022.869485.

Dolznig H, Rupp C, Puri C, Haslinger C, Schweifer N, Wieser E,
et al. Modeling colon adenocarcinomas in vitro a 3D co-culture
system induces cancer-relevant pathways upon tumor cell and
stromal fibroblast interaction. Am J Pathol. 2011;179(1):487-501.
https://doi.org/10.1016/j.ajpath.2011.03.015.

van Manen L, Handgraaf HIM, Diana M, Dijkstra J, Ishizawa T, Vah-
rmeijer AL, et al. A practical guide for the use of indocyanine green
and methylene blue in fluorescence-guided abdominal surgery. J Surg
Oncol. 2018;118(2):283-300. https://doi.org/10.1002/js0.25105.
van den Brand D, van Lith SAM, de Jong JM, Gorris MAJ, Palacio-
Castafieda V, Couwenbergh ST, et al. EpCAM-binding DARPins for
targeted photodynamic therapy of ovarian cancer. Cancers (Basel).
2020;12(7):1762. https://doi.org/10.3390/cancers12071762.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/cancers13143589
https://doi.org/10.2967/jnumed.121.262542
https://doi.org/10.1016/j.molmed.2020.02.003
https://doi.org/10.1016/j.surg.2020.02.020
https://doi.org/10.1002/ijc.28601
https://doi.org/10.1016/j.jconrel.2014.03.057
https://doi.org/10.1002/jso.24701
https://doi.org/10.1016/s2468-1253(16)30082-6
https://doi.org/10.1155/2019/7407190
https://doi.org/10.1021/acs.molpharmaceut.8b00922
https://doi.org/10.1021/acs.molpharmaceut.8b00922
https://doi.org/10.1111/bju.13194
https://doi.org/10.1016/j.jpha.2020.07.006
https://doi.org/10.7150/thno.37443
https://doi.org/10.3389/fimmu.2017.01287
https://doi.org/10.1158/1535-7163.Mct-09-0195
https://doi.org/10.1158/1535-7163.Mct-09-0195
https://doi.org/10.1186/1475-2867-10-44
https://doi.org/10.1186/1475-2867-10-44
https://doi.org/10.1158/0008-5472.Can-09-2724
https://doi.org/10.1158/0008-5472.Can-09-2724
https://doi.org/10.1016/b978-0-12-396962-0.00010-0
https://doi.org/10.1016/b978-0-12-396962-0.00010-0
https://doi.org/10.1016/j.jconrel.2020.08.004
https://doi.org/10.1021/acs.bioconjchem.5b00492
https://doi.org/10.1021/acs.bioconjchem.5b00492
https://doi.org/10.1021/acs.molpharmaceut.6b01091
https://doi.org/10.1021/bc5004982
https://doi.org/10.1021/bc5004982
https://doi.org/10.1002/cmmi.1585
https://doi.org/10.1007/s11248-007-9141-8
https://doi.org/10.1038/sj.bjc.6602924
https://doi.org/10.3389/fonc.2022.869485
https://doi.org/10.3389/fonc.2022.869485
https://doi.org/10.1016/j.ajpath.2011.03.015
https://doi.org/10.1002/jso.25105
https://doi.org/10.3390/cancers12071762

	Preclinical evaluation of EpCAM-binding designed ankyrin repeat proteins (DARPins) as targeting moieties for bimodal near-infrared fluorescence and photoacoustic imaging of cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Expression and purification of DARPins
	Conjugation of DARPin-800CW conjugates
	Human cancer cell lines
	Cell-based plate assay
	Flow cytometry
	Chamber slides
	Animal models
	In vivo NIRF imaging
	In vivo PA imaging
	Histological analysis
	Statistical analyses

	Results
	In vitro binding of DARPin-800CW conjugates
	In vitro binding competition of DARPin-800CW conjugates
	In vivo dose and time window optimization of DARPin-800CW conjugates
	In vivo binding specificity of DARPin-800CW conjugates
	In vivo NIRF imaging potential of DARPin-800CW conjugates
	In vivo PA imaging potential of DARPin-800CW conjugates
	Biodistribution and histological analysis

	Discussion
	Conclusion
	Acknowledgements 
	References


