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Abstract

Background: Metabolic dysfunction-associated steatohepatitis (MASH) is a progressive liver disease affecting 2-6% of the global
population, which can eventually lead to liver failure or cancer. The current standard for diagnosis is liver biopsy, which is invasive,
subjective, painful, and carries potential complications. We present a novel non-invasive optical imaging approach using a
miniprotein based probes (affibody) targeting collagen type-1 (COL-1), a histologically established marker of MASH, to detect liver
fibrosis in animal models of MASH in vivo with high sensitivity and specificity. thereby enabling the potential of early diagnosis and
longitudinal assessment of disease progression and response to treatments.

Methods: We synthesized multiple affibody molecules with varying binding affinities to COL-1, two of which (called Clone 3 and
7) are reported here, and a non-binding control structure. We conjugated the affibodies with a near-infrared (NIR) fluorophore
dye (Dy800), enabling the detection and monitoring of the probes in vivo using fluorescent optical imaging. We used two different
MASH animal models, high-fat choline-deficient (HFCDA) diet-fed mice and Gubra-Amylin (GAN) mice, along with their
age-matched normal chow-fed (NC-fed) controls, to assess the biodistribution, binding specificity, and liver accumulation of the
COL-1 affibodies through in vivo whole-body optical imaging and ex vivo tissue imaging.

Results: The affibody optical imaging probe had 50-fold higher affinity (~34 nM) compared to the state-of-the-art imaging probes
(typically, > 1 pM). It demonstrated rapid blood clearance via renal elimination, with complete elimination observed at 48 h
post-injection. Imaging data obtained from both animal models showed significantly higher liver fluorescence signal intensity
compared to their age-matched NC-fed controls. Specificity was confirmed by comparison of images collected with binding and
non-binding probes, the latter showing significantly lower accumulation in the liver. A strong correlation between
histology-derived collagen content and ex vivo liver imaging data was found in diseased animals (r2 = 0.86).

Conclusions: In vivo imaging of liver fibrosis using collagen-targeting affibody probes offers a promising non-invasive alternative to
liver biopsy, potentially improving diagnosis accuracy and accelerating drug development.
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Introduction

Fibrosis is a common pathological process that
affects nearly all major organs in the human body,
leading to underlying chronic conditions, such as
hepatic, pulmonary, renal, and cardiovascular
diseases [1]. It is estimated that fibrotic diseases
account for up to 45% of mortality in developed
Western countries [2], and 16.5% of all global deaths
in 1990. This proportion steadily increased to 17.8%
by 2019 [3]. There are several promising anti-fibrotic

drugs; however, their therapeutic benefit has been
limited to slowing, but not reversing the progression
of fibrosis [4]. Metabolic dysfunction-associated
steatohepatitis (MASH) is a chronic, progressive liver
disease caused by excess fat accumulation in the liver
(steatosis). Around 60% of steatosis cases lead to
chronic inflammation, 41% of which may further
develop liver scarring or fibrosis, 22% of which can
advance to liver cirrhosis [5, 6]. Early diagnosis is
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crucial for effectively managing diseases and
preventing disease progression. Without timely
diagnosis and treatment, the disease can progress to
liver failure and cancer [7, 8]. As of today, only one
drug (resmetirom) has been approved by the U.S.
Food and Drug Administration (FDA) for the
treatment of MASH, while other experimental
therapeutics have remained largely ineffective [9].
Current diagnosis of fibrosis relies on liver biopsy,
which is invasive, prone to sampling bias, painful and
not well-tolerated for repetitive testing, and carries
risks of complications [10, 11]. As a non-invasive
alternative, in vivo imaging techniques such as CT,
ultrasound, and MRI have been used to detect fibrosis
in the lungs, heart, and liver [4]. While identifying
advanced or late-stage pathological features of liver
fibrosis, these imaging techniques are not sensitive
enough for early-stage diagnosis and moreover, they
often do not provide any insight into the molecular
underpinnings of the diseases [12-14]. An alternative
approach to address these limitations is to use
molecular imaging probes that specifically target
tissue fibrosis markers.

The excessive deposition of extracellular matrix
(ECM) components, such as elastin and collagen, is
directly related to the progression of fibrosis [12].
COL-1 is a key component of the ECM, with its
concentration increasing significantly —often more
than tenfold —in fibrotic conditions [15]. Additionally,
the extracellular localization of COL-1 facilitates its
accessibility to imaging probes, which makes COL-1
highly suitable for detection using imaging systems
combined with targeted probes. COL-1 concentration
changes dynamically during disease progression,
regression, and in response to antifibrotic drugs [16].
Imaging probes such as peptides, or nanoparticles
that selectively bind to COL-1 have been developed
[12, 17]. For example, EP-3533 and its modified
variant CM-101 are cyclic peptides [18, 19], with
moderate affinities for COL-1 ranging from 1.8 to 7.4
uM, that have been explored for imaging idiopathic
pulmonary fibrosis (IPF) [20], cardiac fibrosis [21],
and liver fibrosis [20, 22]. However, EP-3533 utilized
gadopentetate dimeglumine (Gd-DTPA) as a chelate,
leading to gadolinium retention in tissues and an
associated risk of nephrogenic systemic fibrosis [23].
To overcome these limitations, EP-3533 was
radiolabeled with %Ga using a DOTA chelator to
produce Ga-CBP8 [24]. This modification allowed
for a lower dose with reduced toxicity and yielded
promising results in preclinical models of lung
fibrosis [25]. Another example is ProCA32.collagenl, a
protein-based MRI contrast agent that uses the same
COL-1 targeting peptide in EP-3533 and CM-101. It
offered an alternative solution to reduce the metal
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toxicity associated with gadolinium, exhibiting a
slightly better affinity of 1.42 uM for COL-1 and
demonstrating increased uptake in fibrotic livers in
MASH animal models. However, due to its larger
size, it resulted in longer blood circulation and
delayed imaging after probe injection [26]. While both
6Ga-CBP8 and ProCA32.collagenl are promising, our
goal is to demonstrate the feasibility of developing
imaging probes with improved COL-1 affinities to
enable effective binding at significantly lower doses to
further minimize the risk of toxicity.

Small miniprotein scaffolds (58 amino acid
peptides, 6-7 kDa), called affibodies, can be
engineered to bind to a variety of target proteins with
nanomolar affinity, and are gaining popularity in
molecular imaging. Their small size enables better
tissue penetration and quicker clearance from the
body compared to larger scaffolds such as antibodies
[27, 28]. This scaffold also enables excretion through
the renal system without retention in the liver,
making such small probes suitable candidates for
liver imaging [29], although we are not aware of
affibodies being used for MASH prior to this study. In
this study, we engineered multiple affibody variants
based on the Z-structural domain of Staphylococcus
protein A with nanomolar binding affinity and high
specificity for human COL-1, and conjugated them
with a NIR fluorophore dye (Dy800) to enable in vivo
imaging in HFCDA and GAN mouse models of
MASH. We screened seven different affibody
candidates (clones 1 to 7) and selected two of them
with the highest affinity (Clone 3 and 7) for
subsequent assessment of their biodistribution,
binding specificity, and liver accumulation using
pre-clinical in vivo whole-body 2D and 3D optical
imaging as well as ex vivo tissue imaging.

Materials and Methods

COL-1 binding affibody production-Phage
Panning

Naive mini-protein phage libraries based on the
58-residue three-helix Z domain were constructed as
previously described [30]. Phage selections were
performed using biotinylated human COL1A1l
protein (Acro) captured with Pierce streptavidin
magnetic beads (ThermoFisher). Several rounds of
panning were performed with decreasing amounts of
antigen until a consensus set of binders was isolated.

Phage binding ELISAs

To evaluate the relative binding affinity of the
affibodies for COL-1, we performed ELISA assays.
Briefly, dilutions of affibody molecules phage binders
labeled with enzyme horseradish peroxidase (HRP)
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were added to plates coated with human COL-1. The
HRP enzyme catalyzes a reaction with the
chromogenic substrate (3,3',5,5'-Tetramethylbenzidine
(TMB) in this study), resulting in a color change. The
color change was then measured wusing a
spectrophotometer. The color intensity r is
proportional to the enzyme activity, which directly
correlates with the binding of the affibody to COL-1.
96-well Maxisorp plates (Nunc) were coated with 100
uL/well of NeutrAvidin (ThermoFisher) at 2.0
mg/mL in 1X PBS + 0.1% Tween [PBST] and
incubated overnight at 4°C. The next day, the plates
were washed three times with PBST and incubated
with 100 pL/well biotinylated human COL1A1 (Acro)
at 1.0 mg/mL for 30 minutes at room temperature
with shaking at 800 rpm. Plates were washed three
times with PBST and serial dilutions of the phage
pools normalized to an OD269 = 1.0 were added to the
plates and incubated for 15 minutes at room
temperature. Phage were detected by incubating with
a 1:5000 solution of anti-M13-HRP (ThermoFisher) for
30 minutes at room temperature with shaking at 800
rpm. After washing the plates three times with PBST,
100 pL of SureBlue TMB substrate (SeraCare) was
added allowing the color to develop for 3-5 minutes.
The reaction was quenched with KPL TMB stop
solution (SeraCare) and the optical density (OD at 650
nm) was recorded using a plate reader. Graphs were
generated using GraphPad Prism to rank order clones
for chemical synthesis.

Synthesis and analysis of COL-1 binding
affibody molecules

The peptides were synthesized using
Fmoc-based Solid Phase Peptide Synthesis (SPPS),
which included resin loading, Fmoc deprotection,
coupling with Fmoc-Lys(Boc)-OH, and acetylation,
followed by TFA cleavage and precipitation. The
crude peptides were purified by semi-preparative
reverse-phase HPLC, and the final products were
obtained by lyophilization. The peptides were
analyzed by LC/MS to confirm their molecular
weight and purity. Full experimental details are
provided in the supporting information.

Synthesis and purification of Dye800-Labeled
affibody molecules

Maleimide chemistry was used for site-specific
labeling of COL-1 binding and non-binding affibody
molecules with IRDye800CW-Maleimide. Briefly, a
1:1 molar ratio of affibody molecule and
IRDye800CW-Maleimide was dissolved in a 1:1
mixture of MeCN and water, with the pH adjusted to
8 using 0.5 M NaHCOj;. The mixture was stirred at 20
°C for 30 min, and LC-MS confirmed its completion.
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The pH was then adjusted to 6 using 1 M HCL
Semi-preparative reverse phase HPLC was performed
on a YMC-Actus 10 pm C18 column (30 mm x 250
mm) (GLX-281). Separations were achieved using
linear gradients of buffer B in A (Mobile phase A:
water containing 0.075% TFA, mobile phase B:
Acetonitrile (ACN)), at a flow rate of 20 mL/min
(preparative). The gradient was 19-39-40 min, and the
retention time was 31 min.

The site-specific conjugation of Clone 7 affibody
(MW: 8167.05 Da) with IRDye800CW-Maleimide
yielded 15.88 mg of purified green product (93.4%
purity), corresponding to a reaction yield of 53%.
Low-resolution LC/MS of purified Clone 7-Dye800
gave 9 charged states of the peptide: [M+5H]>* =
1634.6; [M+6H]or = 1362.2; [M+7H]* = 1167.8;
[M+8H]#+ = 1022.0; [M+9H]** = 908.5; [M+10H]!0+ =
817.9; [M+11H]"™ = 743.8; [M+12H]** = 681.7;
[M+13H]13* = 629.2. The experimental mass agrees
with the theoretical mass of 8167.05 Da [M+1].

For the non-binding-dye conjugate clone, the
same reverse-phase HPLC conditions were used
(identical column, mobile phases, and flow rate) with
a gradient of 35-55-40 min, and the retention time was
32 min. The conjugation yielded 15.08 mg of product
(96.9%), corresponding to a 45.3% reaction yield based
on the initial 4.44 pmol of starting material. 8 charged
states of the peptide: [M+4H]** = 1874.4; [M+5H]>* =
1500.0; [M+6H]er = 1249.9; [M+7H]* = 1072.0;
[M+8H]#+ = 938.1, [M+9H]** = 833.6; [M+11H]"!* =
862.7; [M+12H]'?* = 681.7; [M+13H]*** = 625.4 was
obtained by low-resolution LC/MS. The experimental
mass agrees with the theoretical mass of 7494.23 Da
[M+1].

Thermal stability and particle size analysis

We wused the Prometheus Panta system
(NanoTemper Technologies) to evaluate thermal
stability and aggregation behavior of the affibody.
Samples were prepared in PBS buffer at a
concentration of 1 mg/mL. Thermal unfolding and
refolding transitions were monitored by intrinsic
tryptophan fluorescence (emission ratio at 350/330
nm) and back reflection optics to detect changes in
protein aggregation. The temperature ramp ranged
from 15 °C to 95 °C at a constant heating rate of 1
°C/min. Melting temperatures (Tm) corresponding to
protein unfolding and refolding were determined by
the first derivative of the fluorescence ratio. Dynamic
Light Scattering (DLS) measurements were
simultaneously collected during the thermal ramp to
determine the cumulative hydrodynamic radius (nm),
showing the colloidal stability. All measurements
were conducted in triplicate, and PR.ThermControl
software was used to analyze the data.
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Animals

Procedures involving the care and use of animals
in this study were reviewed and approved by the
Institutional Animal Care and Use Committee at
Merck & Co., Inc., Rahway, NJ, USA (protocol#
400180). During the study, the care and use of animals
were conducted in accordance with the principles
outlined in guidance from the Association for
Assessment and Accreditation of Laboratory Animal
Care, the Animal Welfare Act, the American
Veterinary Medical Association Euthanasia Panel on
Euthanasia, and the Institute for Laboratory Animal
Research Guide to the Care and Use of Laboratory
Animals.

We used two dietary models to induce MASH:

Gubra Amylin NASH (GAN) Diet:

In this study, 28 C57BL/6 male mice, aged 6-7
weeks were used. Mice were evenly divided into two
groups: one received a Gubra-Amylin NASH diet
(Research Diets, D09100310; 40% fat kcal, 22%
fructose, and 2% cholesterol) and the other received
an NC diet (Lab5001, Research Diets). The feeding
regimen lasted for 31 weeks.

High-Fat,  Choline-Deficient,  and
Acid-defined (HF-CDA) Diet:

Seven-week-old male C57BL/6] mice were
obtained from Jackson Laboratory and acclimated for
approximately one week. To establish liver fibrosis,
mice were fed the HFCDA diet (Cat# A06071302,
Research Diets) for 8 weeks, with imaging performed
at week 8, while healthy mice were fed an NC diet.
Before imaging, each diet group was divided into
three subgroups, each receiving one of three probes:
Clone 7 (Kd = 34 nM), Clone 3 (Kd = 554 nM), or the
non-binding probe.

The time points for each model were selected
based on the known kinetics of fibrosis development.
In the HFCDA model, substantial fibrosis is observed
as early as 8 weeks, as demonstrated in previous
studies [31]. In contrast, the GAN model typically
requires a longer duration to develop advanced
fibrosis features, with 31 weeks commonly used in
C57BL/6 mice according to established protocols
[32-34]. These durations were chosen to ensure each
model reached a relevant disease stage for imaging
and evaluation.

Mice in each subgroup were dosed with 1.5
mg/kg of the respective probe. Experimental design,
animal number, and group assignments are shown in
Scheme 1.

L-amino

In vivo optical imaging

The in wvivo biodistribution and liver
accumulation of COL-1 affibodies in GAN and
HF-CDAA mice were assessed using micro-computed
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tomography-fluorescence tomography (pCT-FLT)
(MILabs B.V., Utrecht, the Netherlands) and 2D
epi-illumination fluorescence imaging (FLI) (IVIS
SpectrumCT (Revvity). Prior to acquisition of in vivo
fluorescence images, mice were transitioned to a
low-fluorescence AIN-76 diet (D09100310
non-irradiated diet, Research Diets, Inc) four days
prior to imaging to minimize auto fluorescence signal.
The abdominal region was shaved to reduce optical
signal attenuation near the liver. For 3D imaging, both
the back and abdominal areas were shaved to
minimize signal interference from hair. The probe was
then administered via tail vein injection and the
animals were anesthetized with isoflurane at a
concentration of 3-3.5%. For pCT-FLT images, mice
were placed in the prone position between two acrylic
glass plates in the animal holder, where a heating
element and 1.5-2% isoflurane were used to maintain
both temperature and anesthesia throughout the scan.
The entire setup was positioned between the FLT laser
and a cooled CCD camera. Photographic images were
acquired to help locate anatomic landmarks for field
of view (FOV) selection. The FOV was selected to
include the base of the mouse tail to the neck. Between
100-110 scan points were acquired using a laser and a
filter with excitation and emission wavelengths at 730
nm and 794 nm, respectively. After completing the
optical portion of the FLT scan the total body pCT
scan was automatically started, without the need to
reposition the animal. After imaging, mice were
promptly removed and allowed to recover. Prior to
injection of either COL-1 binding or non-binding
probes, baseline imaging was performed in a subset of
the NC-fed and GAN-fed mice to assess auto
fluorescence in the organs of interest. Imaging was
also performed immediately after injection (t = 15
min), as well as at 6- and 24-hs post-injection, to
longitudinally assess the biodistribution of the
fluorescent probe. Given the large number of mice,
the imaging sessions were conducted over two
identical sessions, separated by one week. The
animals were sacrificed at 6 and 24 hs and their
organs were excised for ex vivo evaluation via IVIS
system in 2D reflectance imaging mode with a 745 nm
and 800 nm excitation and emission wavelengths,
respectively.

For 2D FLI, mice were placed in the supine
position with the largest field of view selected. The
exposure time and sensitivity settings were
automatically selected to optimize signal detection.
Mice were imaged before probe injection to establish a
baseline, and at multiple time points (1, 2, 4, and 24
hs) following probe injection. The imaging was
performed using an excitation filter at 745 nm and an
emission filter at 800 nm. Fluorescence signal intensity
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was quantified using average radiant efficiency
[p/s/cm?/sr] / [wWW/cm?] within regions of interest
(ROIs) placed over the chest area. The background
signal from pre-injection images was subtracted for
normalization. All 2D FLI images were analyzed
using Living Image software.

FLT image analysis and statistics

All CT datasets were reconstructed at 10 pum
voxels. Resultant CT volumes were then used to
reconstruct the 3D FLT dataset using the
GPU-enabled reconstruction workstation. Each
reconstruction required approximately 10 minutes of
computation time. Using only the CT images, images
segmentations were performed using the Imalytics
software on the MI Labs workstation. Briefly, the
skeleton, lungs, and, in some cases, the spleen and
mouse bed were segmented using a combination of
manual thresholding and free-hand drawing.
Afterwards, the mouse kidneys, liver, bladder, and
heart were manually segmented and morphologically
dilated by 1 voxel. The inferior portions of the liver
(near the intestines and stomach) were difficult to
differentiate and therefore represent the best
approximation of the liver volume. At the time of 15
min, only the mouse body was segmented, which
served as the basis for the calibration of the signal for
the 6 and 24 h time points. After segmentation, the
optical data set was applied as an overlay where
metrics can be derived for each organ and mouse. The
percent injected dose (%ID) per organ of interest was
found by first calculating the average sum total signal
from more than 5 mice in each group, which served as
the calibration factor Sro. The organ-specific total
signal minus autofluorescence was then normalized
against Sto, to arrive at the %ID. To test for
differences in organ uptake between GAN-fed and
NC-fed mice, an ordinary two-way ANOVA was
performed where a Bonferroni multiple comparisons
correction was then applied. Results were deemed
significant at a value p < 0.05. All statistical
measurements were performed using GraphPad
Prism 8.

Liver enzyme analysis

Blood samples were collected for enzyme
activity measurement in K2-EDTA tubes and kept on
ice. The plasma was isolated by spinning the blood
tubes at 10,000g x 5 min at 4°C. The resulting
supernatant (~400 uL of plasma per mouse) from
NC-fed mice (n = 13) and GAN-fed mice (n = 15) was
transferred into 2mL 96-well deep-well plates and
stored at -80 °C. Terminal mouse plasma samples were
thawed and diluted with PBS (1:1). Liver and lipid
analytes were measured using the Cobas C311
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Clinical Analyzer. (Cobas C311 analyzer, Roche
Diagnostics).

Tissue staining and analysis

Following ex vivo imaging, the lateral left liver
lobe from each animal was harvested. Tissues were
fixed in 10% neutral buffered formalin for 24 h, stored
in 70% ethanol, then processed and embedded into
paraffin. Slides were stained with hematoxylin and
eosin (H&E) using standard protocols and picrosirius
red staining (PSR) using a Picro-Sirius Red Pint Stain
Kit (American MasterTech; StatLab). For PSR staining,
the vendor’s protocol was modified by pretreating the
slides overnight, staining with picrosirius red solution
for 30 minutes, and omitting the hematoxylin
counterstain. Slides were imaged wusing a
NanoZoomer 2.0HT Slide Scanner (20X objective;
Hamamatsu Photonics). Tissues were evaluated for
NAS Activity Score, steatosis, lobular inflammation,
and hepatocyte ballooning by a blinded
histopathologist based on previously described
criteria [35]. Collagen content was quantified using
whole-slide image analysis software (ORBIT Image
Analysis; Idorsia Pharmaceuticals Ltd) and was
expressed as the percentage of positive PSR-stained
area over the total area of measured tissue [36]. Large
vasculature and empty spaces (primarily spaces of
lipid droplets in GAN mice) were excluded from
image analysis.

The expression of COL-1 in HFCDA-fed mice
livers was  quantitatively = determined by
immunohistochemical (IHC) analysis. Briefly, liver
sections (4 pum) were deparaffinized in xylene,
immersed in decreasing concentrations of ethanol,
and rehydrated in water. The sections were
pre-treated using heat mediated antigen retrieval with
citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0)
for 15 min. Following blocking endogenous
peroxidase activity with 3% H>O, for 15 min, the
sections were further blocked with Animal-Free
Blocking Solution (REF 15019L, Cell Signaling) for 20
min at room temperature. The sections were then
incubated with primary Anti-COL-1 antibody (REF
ab270993; Abcam) for 1 h at room temperature. After
several rinses in TBST, they were incubated with the
Polymer Detection System (REF MP-7451; Vector
Laboratories) for 30 min. The bound peroxidase was
visualized by incubating the sections with ImmPACT
DAB Peroxidase (HRP) Substrate (REF SK-4105;
Vector Laboratories). The slides were counterstained
with  Modified Mayer’s Hematoxylin = (REF
HXMMHPT; StatLab). Whole slide digital images
were captured using a NanoZoomer 2.0HT slide
scanner (20X objective; Hamamatsu Photonics). The
IHC-positive stained area was quantified using a
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positive stain measurement algorithm, expressed as a
percentage of the positive stained area over the total
measured area.

Results and Discussion

Synthesis and in vitro characterization of
affibody fluorescent probes

Utilizing phage display, we panned a diverse
affibody library based on the Z-domain of
Staphylococcus protein A and isolated phages with
strong human COL-1 binding. We selected seven
binders for synthesis and measured their binding
affinities to human COL-1 using ELISA. The binding
results showed that Clone 3 and Clone 7 exhibited the
highest relative binding affinities, with dissociation
constant (Kd) values of 554.0 nM and 33.92 nM,
respectively (Figure 1A and 1C). A scrambled version
of the COL-1-binding affibodies was also engineered
as a negative control, demonstrating no binding to
COL-1. This variant is structurally identical to the
COL-1 binding affibodies, except that the residues in
the binding region were substituted with alanines and
serines (Figure 1A, Clone NB). All peptides were
synthesized via solid-phase chemistry. To improve
solubility and stability, a short PEG spacer was
introduced at the N-terminus of the affibody (Figure
1B) [37]. A cysteine residue was incorporated into the
PEG linker to enable site-specific conjugation with a
maleimide-functionalized Dy800 dye (Scheme S1).
Mass spectrometry data confirmed successful
synthesis and conjugation with >90% purity (Figures
S1-S6). After synthesis, a short PEG spacer was
introduced at the N-terminus of the affibody to
improve its solubility and stability, reduce nonspecific
uptake and off-target toxicity, and minimize
immunogenicity [37].

In vivo optical imaging studies of Clone
3-Dy800

Selection of optimal dosage and imaging time point for
Clone 3-Dye800 liver fluorescence imaging

Due to the novelty of the COL-1 affibody probes,
we conducted a small pilot study to optimize the
dosage and imaging time points through in vivo 2D
FLI in the HFCDA-fed MASH animals and their
age-matched NC-fed mice. We selected the Clone
3-Dy800 as our first generated probe and evaluated it
for in vivo imaging. To determine the optimal dosage
of Clone 3-Dy800, we used HFCDA-fed and NC-fed
mice (n = 4 each group), injected them with 0.375, 0.75,
1.5, and 2.3 mg/kg (approximately 10, 20, 40, and 60
ug of affibody probes) intravenously and monitored
the probe biodistribution at different time points up to
72 h- post-injection. Results showed that the probe
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was cleared in both HFCDA-fed and NC-fed mice by
72 h across all the dosages used, with more rapid
clearance observed in NC-fed mice compared to
HFCDA-fed mice. At 24 h, with the highest dosage of
60 ng, the optical signal remained elevated in NC-fed
mice, particularly in the abdominal area, suggesting
non-specific accumulation in other organs that were
not observed at lower dosages. The 40 ug (1.5 mg/kg)
dosage provided the highest target-to-background
ratio for detecting the probe uptake in the liver. At
this dosage, we observed the highest difference in
signal intensity between NC-fed and HFCDA-fed
mice across all time points. In contrast, at the lower
dosages (10 and 20 pg), the data showed a smaller
difference between the two groups, reinforcing that 40
pug was more suitable for liver imaging (Figure
S7A-B).

After determining the optimal dosage of 40 ug
(1.5 mg/kg), we injected HFCDA-fed and NC-fed
mice with this dosage and imaged them for liver
signal intensity at different time points (0, 2, 4, 6, 8,
and 24 h) to identify the optimal imaging time
post-injection. We did not extend the study beyond 24
h, because the dosage study showed probe clearance
from the body at later time points. Liver signal
intensity was significantly higher in HFCDA-fed mice
compared to NC-fed mice at 6 h (2.5-fold increase), 8 h
(2.0-fold increase), and 24 h (4.5-fold increase)
post-injection (p < 0.02), while no significant
difference was observed at earlier time points. Thus,
an effective imaging window between 6 to 24 h
post-injection was determined. (Figure S7C).

UCT-FLT imaging of Clone 3-Dy800 liver uptake in
GAN mice

After identifying the optimal Clone 3-Dy800
dosage and imaging time point based on 2D imaging,
we performed 3D pCT-FLT (MiLab system) in vivo
imaging to assess the region-specificity and sensitivity
of the imaging probe. We selected a total of 28 mice
and divided them equally to feed with GAN diet or
NC for 31 weeks. We further divided each group of 14
mice into two subgroups of 7 mice each that received
the Clone 3-Dy800 binding probe (1.5 mg/kg), where
both groups were imaged in vivo prior to probe
injection (baseline), at 15 min (right after injection),
whereas at a different terminal time point that was set
to 6 h in one subgroup and 24 h in the other subgroup,
post probe injection (Scheme 1A). The 15 min time
point was chosen as the first imaging time point
immediately after probe injection, taking into account
the time needed to anesthetize the animal and
position it for imaging. This early time point was
selected to ensure that the full injected dose of the
probe remained within the body, with minimal
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clearance, allowing us to consider this time point as
representing 100% of the injected dose (ID). By using
this data as a reference, we calculated the percentage
of the injected dose per organ (%ID) for all following
time points [38]. The imaging data showed that Clone
3-Dy800 was dispersed throughout the body at 15 min
post-injection, and compared to NC-fed mice, a
significantly higher liver uptake in GAN-fed mice was
found at 6 h. At 24 h, fluorescence signal decreased in
both GAN-fed and NC-fed groups but remained
higher in GAN-fed mice (Figure 2A). To quantify the
fluorescence signal from the liver, we performed 3D
segmentation by outlining the liver with scribbles
using Imalytics software, as described in the
experimental section and the result was shown in
Figure 2B and C (liver is color-coded dark red). Other
organs, including the lungs, heart, spleen, kidneys,
and bladder, were also segmented using the same
method as shown with different color codes in Figure
2B. We then calculated the percentage of injected
probe (%ID) normalized by body weight (g) at 6 h and
24 h post-injection. As shown in Figure 2D, the

7

fluorescent signal was significantly higher in the liver
of GAN-fed mice at6 h (%ID/g=13.8+6.2,n=7) and
24 h (%ID/g = 6.7 £2.5, n =7), compared to those of
fed with NC diet 6 h (%ID/g=5.7+0.8,n=6) and 24 h
(%ID/g=22%08,n=7).

Following in vivo imaging, we euthanized the
mice at 6 h and 24 h post probe injection and collected
their major organs for ex vivo 2D optical imaging, to
corroborate the probe uptake observed from in vivo
3D optical imaging. As illustrated in Figure 3A, a
significantly higher signal was detected in the kidneys
of both GAN-fed and NC-fed mice, indicating renal
clearance of the probe. The signal remained elevated
at 24 h post-injection, particularly in GAN-fed mice.
This difference in renal fluorescence likely reflects
altered probe clearance dynamics, with NC mice
exhibiting a faster clearance rate. Minimal or no signal
was observed in the other major organs at both time
points (Figures 3A-C). The liver signal was higher in
GAN-fed mice than in NC-fed mice at both 6 and 24 h,
consistent with the in vivo imaging data (Figure 3D).

A
GAN (n =14) and NC (n = 13)
| >
Week 0 Week 31 after diet |
—— Group 1: GAN (n=7) & NC (n = 6)
. -—-Group2: GAN (n=7)&NC (n=7)
In vivo In vivo
imaging (3D) imaging (3D)
(Group 1&2) (Group 1) (Group 2)
15 min / 6h . 24 h
i
T % Termination
|
In vivo A
imaging (2D)
(Group 1&2) Ex vivo Ex vivo
imaging (3D) imaging (3D)
(Group 1) (Group 2)

B
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| | 5
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(Group 2) imaging (2D)
(Group 3) (Group 1-3)
T
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imaging (2D)
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Scheme 1. Study design for in vivo imaging of liver fibrosis using affibody probes. A) Mice were fed GAN or NC diets for 31 weeks before imaging. Mice were divided
into two groups and injected with Clone 3-Dy800. In vivo 3D fluorescence imaging was performed at multiple time points (15 min, 6 h, and 24 h) followed by termination and ex
vivo imaging. B) Mice on HFCDA diet or NC diet were imaged at week 8. Three probes (Clone 7-Dy800, Clone 3-Dy800, NB-Dy800) were injected in separate groups. In vivo
imaging was performed at 1-24 h post-injection, followed by termination and ex vivo 2D imaging.
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Figure 1. Characterization of affibody probes and their binding affinity to human COL-1. (A) Amino acid sequences of Clone 3, Clone 7, NB and their dye
conjugated structures, with highlighted binding sites and their molecular masses values, confirming successful synthesis and conjugation of the affibodies with the fluorophore. (B)
structural representation of the affibody conjugated to a PEG linker and Dye 800 maleimide. (C) ELISA binding assay for the affinity of the Clone 3, Clone 7 and NB affibodies
against human COL-1. NB affibody showed no binding to human COL-1, while Clone 7 demonstrated >15 times higher binding than Clone 3.
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Figure 2. Representative segmentations and quantification. (A) 3D FLI images at before and 6hr and 24 h post probe injection. (B) segmented 3D composite views of the
NC-fed and GAN-fed at 6h post probe injection, where segmented organs are color-coded (bladder: brown, heart: red, kidneys: yellow, liver: dark red, lungs: purple). (C)
Coronal slice view demonstrating liver uptake. (D) Percentage of injected probe (%ID) normalized by body weight calculated from GAN-fed (n = 14) and NC-fed (n = 13) mice
at 6 and 24 hs (*P < 0.03 and **P < 0.004). Elevated probe uptake can be seen in the liver at both time points. Note: The small imbalance in group size was due to the loss of one
mouse in the NC group during the study period, and not by design. We confirmed that statistical analyses (ANOVA) remain robust with minimal imbalance.
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Figure 3. Ex vivo biodistribution of Clone 3-Dy800 in major organs. (A) Ex vivo imaging data of the isolated major organs from NC- and GAN-fed mice at 6 h and 24 h
post Clone 3-Dy800 injection. (B) Quantitative analysis of the fluorescence signal of the major organs of mice at 6 h post Clone 3-Dy800 injection. (C) Quantitative analysis of
the fluorescence signal of the major organs of mice at 24 h post Clone 3-Dy800 injection. (D) Liver signal intensity comparison between NC- and GAN-fed mice at 6 h and 24

h post Clone 3-Dy800 injection (*P < 0.02 and **P = 0.0004).

The histopathological analysis was performed
using Hematoxylin and Eosin (H&E) and Picro-Sirius
Red (PSR) stains to evaluate liver tissue and collagen
content in GAN-fed and NC-fed mice. Left lateral
liver lobes were collected, preserved, and analyzed by
a blinded histopathologist for examination of
steatosis, lobular inflammation, hepatocyte
ballooning, and the type of steatosis. The GAN-fed
mice were significantly heavier than the NC-fed mice
and developed moderate to severe steatosis and
inflammation with elevated liver enzymes, alanine
aminotransferase (ALT) and aspartate

aminotransferase (AST) levels, and triglycerides (TG)
(Table 1, Figure 4C). Fibrosis ranged from moderate to
severe in GAN-fed mice, with PSR staining indicating
lobular and periportal collagen deposition. Collagen
content was quantified using ORBIT image analysis
software, which calculated the percentage of
positively stained PSR areas relative to the total tissue
area, as shown in Figure 4B. The GAN-fed mice had a
significant increase in PSR staining compared to the
NC-fed mice (p < 0.0001; Figure 4B). Together, these
results confirmed the presence of fibrotic liver in this
GAN-fed mouse model (Figure 4C).
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Figure 4. Histological and biochemical assessment of liver fibrosis and metabolic changes in NC- and GAN-Fed mice. (A) Representative images of liver tissue
from mice fed either NC or GAN diets, with Picro-Sirius red (PSR) staining (top row) to assess fibrosis and hematoxylin and eosin (H&E) staining (bottom row) for general tissue
architecture. (B) Morphometric analysis of PSR-stained sections from each group (n = 15/group), with results expressed as the percentage of tissue area positive for PSR3 staining,
highlighting the degree of fibrosis (****p < 0.0001). (C) Serum levels of triglycerides, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were measured to

assess diet-induced metabolic changes (*****p < 0.0001).

Table 1. Effect of diet on body weight and indices of liver damage
in mice on NC and GAN diets (40% fat kcal, 22% fructose, and 2%
cholesterol).

NC (n=13) GAN (n=14) p-value
Body weight (g) 31.6 £2.47 41.3 £5.819 0.0004
NAS 2.23+1.69 6.93 £ 0.62 <0.0001
Steatosis 0.92+1.26 293+0.27 <0.0001
Lobular Inflammation 0.92+£0.49 2.07+0.27 <0.0001
Hepatocyte Ballooning 0.38 £0.65 1.93 £0.27 <0.0001

Values represent mean + SD (n = 13-14). NAS = NAFLD activity score.

Additional pathological characterization was
performed to further show the association between
increased COL-1 expression and fibrosis severity in
the GAN model. Quantitative image analysis of
COL-1 immunofluorescence staining was performed
on liver tissues from GAN-fed and healthy NC-fed
mice. As summarized in table S1, COL-1 expression
increases with disease severity, correlating with

higher NAS scores. Specifically, GAN mice with NAS
scores of 7 exhibited %COL-1 area values ranging
from 3.12-4.40%, whereas NC mice showed
significantly lower COL-1 levels (0.62-0.86%) and
lower NAS scores (3-6).

COL-1 binding and non-binding probes liver
uptake in HFCDA mice

The HFCDA is a commonly used diet to induce
liver fibrosis in animal models of MASH, making it a
valuable tool for testing new therapies with good
translation to human disease. Unlike GAN-fed mice,
HFCDA shows faster disease progression (8 weeks in
C57BL/6] mice for HFCDA vs. over 28 weeks for
GAN), make this model more suitable for testing the
optimized variant of the COL-1 probe. Using the
HFCDA model, we evaluated the effect of binding
affinity of two probes, Clone 3-Dy800 and Clone
7-Dy800 and assessed their specificities by comparing
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them to a non-binding probe in vivo. A total of 26
C57BL/6] mice were divided into two groups: 11 on
the NC diet and 15 on the HFCDA diet. There were no
differences in body weight between mice on NC or
HFCDA diet (Table 2). The mice received intravenous
injections of different probes: Clone 3-Dy800 (HFCDA
=5, NC = 4), Clone 7-Dy800 (HFCDA =5, NC = 4),
and NB-Dy800 (HFCDA =5, NC = 3), each at a dose of
1.5 mg/kg. The reduced number of mice in the
NB-Dy800 NC group (NC = 3) was due to a technical
issue encountered during the study: a few mice in this
group developed unexpected skin pigmentation,
which interfered with optical imaging by blocking or
distorting the near-infrared signal. As a result, we had
to exclude these animals from the data analysis, to
ensure data consistency and comparability across
groups.

Table 2. Effect of diet on body weight and indices of liver damage
in mice on NC and HFCDA diets.

NC (n=11) HFCDA (n= p-value
15)
Body weight (g) 26+1.6 26+1.5 0.3362
NAS 0.55+0.93 47+07 <0.0001
Steatosis 0.18+0.4 1.9+0.26 <0.0001
Lobular inflammation 018+£0.4 23+046 <0.0001
Hepatocyte ballooning 0.18+0.4 0.53 +£0.52 0.1092

Values represent mean + SD (n = 11-15). NAS = NAFLD activity score.

Biodistribution and probe accumulation in the
liver were monitored at various time points using the
IVIS Spectrum imaging system. All three probes
showed rapid clearance from both NC and HFCDA
groups within 24 h, with a faster clearance in NC-fed
mice (Figure 5A). A significantly higher signal in the
bladder indicated predominant renal clearance. We
quantified average fluorescence signal intensity from
the liver by drawing an ROI around the chest area for
all mice (Figure 5B and Figure S8). The quantified
results showed significantly higher signal intensity in
livers in HFCDA-fed mice compared to NC-fed mice
for both Clone 3-Dy800 and Clone 7-Dy800. The
difference in signal intensity between HFCDA-fed
and NC-fed mice increased over time for both probes
(Figure 5C). Specifically, the liver of HFCDA-fed mice
receiving Clone 7-Dy800 showed around two-fold
higher signal compared to Clone 3-Dy800,
demonstrating higher probe accumulation, likely due
to the increased COL-1 binding affinity. Additionally,
no signal was observed from the NB-Dy800 probe in
the liver of either HFCDA-fed or NC-fed mice.

We validated the in vivo imaging data by
conducting ex vivo imaging of major organs collected
from both HFCDA-fed and NC-fed mice at 24 h

11

post-probe injection (Figure S9). A higher signal was
detected in the fibrotic liver with both, Clone 7-Dy800
and Clone 3-Dy800, confirming our in vivo imaging
results (Figures 6 A and B). In HFCDA-fed mice, the
liver signal observed from the Clone 7-Dy800 group
was 1.68 times higher than that of the Clone 3-Dy800
group and 4.33 times higher than the NB-Dy800
group. In contrast, healthy mice showed low liver
signals for all three probes. The slightly higher signal
in the NB-Dy800 compared to the HFCDA-fed mice is
likely due to physiological differences between
fibrotic and healthy mice, rather than specific probe
binding. Liver fibrosis is associated not only with
collagen deposition but also with disrupted
architecture, inflammation, and impaired metabolic
and clearance function. These changes, including
downregulation of key drug-metabolizing enzymes,
can reduce probe clearance and lead to increased
background retention in fibrotic livers [39].

As a result, even the non-binding probe
(NB-Dy800) may show modestly higher retention in
fibrotic livers compared to normal ones. However, it
is important to note that the signal from NB-Dy800
remains significantly lower than that of the
COL1-specific binding clones (Clone 3 and Clone 7),
and it also clears more rapidly over time. These
differences support the conclusion that the increased
retention and signal observed with Clone 3 and Clone
7 are primarily due to specific collagen binding, rather
than nonspecific accumulation.

The left lateral liver lobes from HFCDA and NC
mice were analyzed for probe accumulation and
signal intensity (Figure 7A-B), using the same lobes as
those assessed for histology. The HE results showed
that the HFCDA diet induced moderate steatosis
(from micro- to macrovesicular) and lobular
inflammation (characterized by infiltration of
mononuclear cells and neutrophils), with marked
fibrosis (primarily in the perisinusoidal region)
(Figure 7B and Table 2). In addition, these mice
presented with varying levels of pigment-laden foam
cells, which are mini clusters of mononuclear cells
surrounded by lipidic cells with a visible “foamy”
pigmentation. NC-fed mice exhibited minimal
changes in fat deposition, immune cell infiltration,
and collagen deposition, indicating no significance in
liver pathology. This observation was confirmed
using PSR staining and COL-1 IHC, indicating mice
on the HFCDA diet had significantly increased levels
of COL-1 expression in the liver compared to NC-fed
mice (Figure 7D-E). A strong correlation was observed
between COL-1 expression and PSR quantification
(Figure 8B), confirming the association between
increased COL-1 levels and fibrosis severity in the
HFCDA model.
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Figure 5. Representative in vivo images and temporal analysis of probe uptake in the livers of mice fed with NC and HFCDA. (A) In vivo 2D optical images of
probe distribution in mice. (B) Quantification of signal intensity before and after intravenous injection of Clone 7-Dy800, Clone 3-Dy800, and NB-Dy800 probes, measured at 1,
2, 4, 6, and 24 h post-injection. (C) Comparison of liver uptake signal intensity among different groups at 6hr and 24 h. Higher accumulation in collagen-rich fibrotic livers in
HFCDA-fed mice was observed in both Clone 3-Dy800 and Clone 7-Dy800 groups. Results are expressed as mean = SD (***P < 0.0001).

The correlation between histology and ex vivo
imaging data of the liver left lateral lobe confirmed
that both probes effectively distinguished between
fibrotic and non-fibrotic livers (Figure 8B).
Specifically, a strong correlation was observed
between liver signal intensity from the Clone 7-Dy800
and liver PSR wvalues (r2 = 0.86, Figure 8C),
demonstrating the ability of affibody-based probes

with higher binding affinity to non-invasively detect
liver fibrosis. To evaluate the relationship between
Clone7-Dy800 signal and histological markers of
fibrosis, we summarized COL-1 expression, PSR
staining, NAS score, and in vivo fluorescence signal
(average radiant efficiency) in both HFCDA and NC
animals (Table S2). As shown, animals with elevated
COL-1 and PSR% showed markedly higher probe
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uptake, supporting the probe’s sensitivity to fibrotic
ECM remodeling. As shown in Figure S10, a strong
positive correlation was observed between probe
signal and COL-1 area (R?2 = 0.77).

Finally, we evaluated the thermal stability of
Clone7 and Clone7-Dy800 to support potential clinical
transition and long-term storage (Figure S11). Using
the Prometheus Panta system, both constructs
showed a high melting temperature (Tw) of ~71 °C.
The unfolding and refolding transitions occur at
identical temperatures (~71 °C and ~70 °C,
respectively), suggesting that the folding process is
reversible with minimal hysteresis. This reversible
behavior reflects the affibody’s ability to maintain its
structural integrity under thermal stress, a desirable
property for biotechnological and biomedical
applications. Furthermore, similar thermal profiles
were obtained for Clone 7 and Clone 7-Dy800,
confirming that dye labeling does not compromise
protein stability. Dynamic light scattering (DLS)
analysis confirmed that both Clone7 and
Clone7-Dy800 maintained a small, monodisperse size
distribution, with no evidence of aggregation. These
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results demonstrate that Clone7 retains its structural
integrity and colloidal stability after labeling, further
supporting its suitability for in vivo and diagnostic
applications.

In summary, COL-1 targeting affibody probe
exhibits molecular specificity, offering potential use
for detecting disease-related changes beyond
structural alterations observable in other established
noninvasive modalities such as vibration-controlled
transient elastography (VCTE) and MR elastography
(MRE) are widely used to assess liver stiffness, which
correlates with fibrosis. However, these techniques
are primarily sensitive to mechanical tissue changes
and may lack the specificity to distinguish between
MASH and other causes of stiffness. For instance,
VCTE is limited in detecting early stages of the
diseases and can be less accurate in obese patients,
while MRE is more robust but costly and technically
demanding [40]. In contrast, our molecular imaging
probe targets disease-associated molecular features,
potentially enabling earlier detection of MASH,
including stages prior advanced fibrosis.
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Figure 6. Ex vivo biodistribution of affibody probes in major organs. (A) Ex vivo optical imaging of various organs. (B) Quantified fluorescence intensity of Clone 7-Dy800,
Clone 3-Dy800, and NB-Dy800 probes, measured at 24 h post-injection. Liver accumulation was the highest in the HFCDA-fed mice: Clone 7-Dy800 > Clone 3-Dy800 >
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Figure 7. Ex vivo imaging and histological assessment of liver fibrosis in mice fed NC and HFCDA diet. (A) Representative images of liver lobes (left to right: left
lateral, left medial, right medial, right lateral, and caudate, from left to right) in mice fed NC or HFCDA diets, 6 h post-injection of Clone 7-Dy800, Clone 3-Dy800, and NB-Dy800
probes. (B) Picro-Sirius red (PSR) staining, H&E, and COL-1 staining for NC diet (top row) and HFCDA diet (bottom row) in liver left lateral lobe. (C) Quantified optical intensity
from the liver left lateral lobe. (D) Morphometric analysis of PSR stained sections from each group, with results expressed as the percentage of tissue area positive for PSR
staining, showing the degree of fibrosis (****p < 0.0001). (E) Quantification of COL-1 IHC-positive stained areas using a positive stain measurement algorithm, with results
expressed as the percentage of positively stained area relative to the total measured area (****P < 0.0001). For all of the experiments shown in this Figure: n = 5 for the HFCDA

mice/group, n = 4 for the NC/group.

Our study has several limitations that should be
examined further. First, optical imaging is not
translatable to the clinic. We primarily used this
method for initial characterization of candidate
probes and selected those with higher sensitivity and
specificity to detect fibrotic livers. To this end, one can
conjugate the affibody probes with radioisotopes or
magnetic nanoparticles instead for PET or MR
imaging, and this modification can be easily applied
to the affibody scaffolds and potentially enhance
sensitivity and accuracy with clinical translation.
Second, additional studies to evaluate the feasibility
of using these imaging probes for monitoring disease
progression and responses to novel therapeutics
remain to be explored. Finally, besides the initial
assessment of the specificity to COL-1 by comparing
the liver signal intensity between COL-1 binding and
non-binding probes, a blocking study with

unconjugated affibody can be more effective in
confirming the binding specificity to COL-1.

Conclusions

We have developed in vivo imaging probes using
affibody molecules that bind to COL-1, a marker of
liver fibrosis, conjugated with the fluorescent Dy800
dye. We synthesized multiple variants and
demonstrated that the probes can be engineered to
target COL-1 with high binding affinity (in the
nanomolar range) and specificity. Compared to
healthy controls, elevated liver signal intensity was
observed in diseased animal models of MASH,
suggesting that affibody-based imaging probes are a
promising alternative to liver biopsy for the
diagnosing and longitudinal monitoring of liver
fibrosis.
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Figure 8. Correlation of liver fibrosis and probe signal intensity in NC- and HFCDA-fed Mice. (A) Correlation between PSR staining and COL-1 expression in
HFCDA-fed and NC-fed mice, highlighting the relationship between liver fibrosis and collagen deposition. (B) Correlation between average signal intensity from the left lateral
liver lobes imaged with different probes (Clone 7-Dy800, Clone 3-Dy800, and NB-Dy800). (C) Correlation between liver signal intensity from the Clone 7-Dy800 and PSR values
(r2=0.86). For all the experiments shown in this Figure: HFCDA-fed mice = 5/group, NC-fed mice = 4/group.

Supplementary Material

Supplementary methods, figures and tables.
https:/ /www.thno.org/v16p0001s1.pdf

Acknowledgements

We would like to acknowledge Ester
Carballo-Jane for supporting the histology and
immunohistochemistry studies, and the Laboratory
Animal Resources team at MRL South San Francisco
(Stephen Artim, David Chian, Qiong Zhou, and
Lauren Chavez) for their support of in vivo work and
animal care.

Financial support

All financial support for this work was provided
by Merck Sharp & Dohme LLC, a subsidiary of Merck
& Co., Inc., Rahway, NJ, USA.

Author contributions

All authors made substantial contributions to the
work. R.K.S. originated the concept of using a
protein-based imaging probe for the non-invasive
detection of fibrosis, led the project, wrote the

manuscript, designed the in vivo imaging studies,
performed both in vivo and ex wvivo imaging
experiments, conducted image analysis and
segmentation, and carried out dye conjugation of the
affibody proteins used for optical imaging; P.S.M.
generated the affibody clones and conducted all
phage display experiments and binding ELISA assays.
L.L. assisted with optical in vivo imaging, 3D imaging
data analysis, image segmentation, and interpretation
of experimental data. R.C. performed 2D optical
imaging and analyzed the corresponding imaging
data. R.T. contributed to the design, chemical
synthesis, and optimization of the affibody clones;
I.V. helped with affibody synthesis. A.S. provided the
MASH animal model and prepared liver samples for
histology. S.M. supported probe injections and tissue
collections for the ex vivo imaging. A.E.S. helped with
the page display process, ELISA binding assay, and
Thermal stability and particle size analysis. U.G.
summarized the histology data and generated the
corresponding tables. E.M.T.N. conducted plasma
enzyme measurements. C.N. provided scientific
feedback on fibrosis models. C.M. scientific feedback
on the imaging data and the study design. C.L.C.

https://lwww.thno.org



Theranostics 2026, Vol. 16, Issue 1

supervised the study, assisted with the interpretation
of experimental data, and provided guidance on the
overall direction of the project throughout the study.
All authors reviewed and approved the final
manuscript.

Competing Interests

Employees of Merck Sharp & Dohme LLC, a

subsidiary of Merck & Co., Inc., Rahway, NJ, USA and
potentially own stock and/or hold stock options in
Merck & Co., Inc., Rahway, NJ, USA.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Distler JHW, Gyorfi A-H, Ramanujam M, Whitfield ML, Konigshoff M,
Lafyatis R. Shared and distinct mechanisms of fibrosis. Nat Rev Rheumatol.
2019; 15: 705-30.

Wynn T. Cellular and molecular mechanisms of fibrosis. J Pathol. 2008; 214:
199-210.

Mutsaers HAM, Merrild C, Nerregaard R, Plana-Ripoll O. The impact of
fibrotic diseases on global mortality from 1990 to 2019. J Transl Med. 2023; 21:
818.

Baues M, Dasgupta A, Ehling ], Prakash ], Boor P, Tacke F, et al. fibrosis
imaging: current concepts and future directions. Adv Drug Deliv Rev. 2017;
121: 9-26.

Tamaki N, Ajmera V, Loomba R. Non-invasive methods for imaging hepatic
steatosis and their clinical importance in NAFLD. Nat Rev Endocrinol. 2022;
18: 55-66.

Ferguson D, Finck BN. Emerging therapeutic approaches for the treatment of
NAFLD and type 2 diabetes mellitus. Nat Rev Endocrinol. 2021; 17: 484-95.
Piazzolla VA, Mangia A. Noninvasive diagnosis of NAFLD and NASH. Cells.
2020; 9: 1005.

McMahon B, Cohen C, Brown Jr RS, El-Serag H, Ioannou GN, Lok AS, et al.
Opportunities to address gaps in early detection and improve outcomes of
liver cancer. JNCI Cancer Spectrum. 2023; 7: pkad034.

Zhang X, Lau HC-H, Yu J. Pharmacological treatment for metabolic
dysfunction-associated steatotic liver disease and related disorders: Current
and emerging therapeutic options. Pharmacol Rev. 2025; 77: 100018.

Brown GT, Kleiner DE. Histopathology of nonalcoholic fatty liver disease and
nonalcoholic steatohepatitis. Metabolism. 2016; 65: 1080-6.

Sumida Y, Nakajima A, Itoh Y. Limitations of liver biopsy and non-invasive
diagnostic  tests for the diagnosis of nonalcoholic fatty liver
disease/nonalcoholic steatohepatitis. World J Gastroenterol. 2014; 20: 475-85.
Montesi SB, Désogere P, Fuchs BC, Caravan P. Molecular imaging of fibrosis:
recent advances and future directions. ] Clin Invest. 2019; 129: 24-33.

Montesi SB, Izquierdo-Garcia D, Désogere P, Abston E, Liang LL, Digumarthy
S, et al. Type I collagen-targeted positron emission tomography imaging in
idiopathic pulmonary fibrosis: first-in-human studies. Am J Respir Crit Care
Med. 2019; 200: 258-61.

Zhou 1Y, Montesi SB, Akam EA, Caravan P. Molecular imaging. Second ed.
San Diego, CA: Academic Press; 2021.

Karsdal MA, Daniels SJ, Holm Nielsen S, Bager C, Rasmussen DGK, Loomba
R, et al. Collagen biology and non-invasive biomarkers of liver fibrosis. Liver
International. 2020; 40: 736-50.

Lu P, Chen Z, Wu M, Feng S, Chen S, Cheng X, et al. Type I collagen
extracellular matrix facilitates nerve regeneration via the construction of a
favourable microenvironment. Burns Trauma. 2024; 12: tkae049.

Désogere P, Montesi SB, Caravan P. Molecular probes for imaging fibrosis and
fibrogenesis. Chemistry. 2019; 25: 1128-41.

Caravan P, Das B, Dumas S, Epstein FH, Helm PA, Jacques V, et al.
Collagen-targeted MRI contrast agent for molecular imaging of fibrosis.
Angew Chem Int Ed Engl. 2007; 46: 8171-3.

Farrar CT, Gale EM, Kennan R, Ramsay I, Masia R, Arora G, et al. CM-101:
Type I Collagen-targeted MR Imaging Probe for Detection of Liver Fibrosis.
Radiology. 2018; 287: 581-9.

Désogere P, Tapias LF, Hariri LP, Rotile NJ, Rietz TA, Probst CK, et al. Type I
collagen targeted PET probe for pulmonary fibrosis detection and staging in
preclinical models. Sci Transl Med. 2017; 9: eaaf4696.

Helm PA, Caravan P, French BA, Jacques V, Shen L, Xu Y, et al. Postinfarction
Myocardial Scarring in Mice: Molecular MR Imaging with Use of a
Collagen-targeting Contrast Agent. Radiology. 2008; 247: 788-96.

Zhou 1Y, Clavijo Jordan V, Rotile NJ, Akam E, Krishnan S, Arora G, et al.
Advanced MRI of Liver Fibrosis and Treatment Response in a Rat Model of
Nonalcoholic Steatohepatitis. Radiology. 2020; 296: 67-75.

Shah AH, Olivero JJ. Gadolinium-Induced Nephrogenic Systemic Fibrosis.
Methodist Debakey Cardiovasc J. 2017; 13: 172-3.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

16

Izquierdo-Garcia D, Désogere P, Fur ML, Shuvaev S, Zhou IY, Ramsay I, et al.
Biodistribution, dosimetry, and pharmacokinetics of 68Ga-CBP8: A type I
collagen-targeted PET probe. ] Nucl Med. 2023; 64: 775-81.

Désogere P, Tapias LF, Hariri LP, Rotile NJ, Rietz TA, Probst CK, et al. Type I
collagen-targeted PET probe for pulmonary fibrosis detection and staging in
preclinical models. Sci Transl Med. 2017; 9: eaaf4696.

Salarian M, Turaga RC, Xue S, Nezafati M, Hekmatyar K, Qiao J, et al. Early
detection and staging of chronic liver diseases with a protein MRI contrast
agent. Nat Commun. 2019; 10: 4777.

Stahl S, Graslund T, Eriksson Karlstrom A, Frejd FY, Nygren P-A, Lofblom IR
Affibody molecules in biotechnological and medical applications. Trends
Biotechnol. 2017; 35: 691-712.

Fu R, Carroll L, Yahioglu G, Aboagye EO, Miller PW. Antibody Fragment and
Affibody ImmunoPET Imaging Agents: Radiolabelling Strategies and
Applications. ChemMedChem. 2018; 13: 2466-78.

Tolmachev V, Orlova A. Affibody Molecules as Targeting Vectors for PET
Imaging. Cancers (Basel). 2020; 12.

Marinec PS, Landgraf KE, Uppalapati M, Chen G, Xie D, Jiang Q, et al. A
Non-immunogenic ~ Bivalent  d-Protein  Potently  Inhibits  Retinal
Vascularization and Tumor Growth. ACS Chem Biol. 2021; 16: 548-56.

Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Animal models of fibrosis in
nonalcoholic steatohepatitis: do they reflect human disease? Adv Nutr. 2020;
11: 1696-711.

Oligschlaeger Y, Shiri-Sverdlov R. NAFLD Preclinical Models: More than a
Handful, Less of a Concern? Biomedicines. 2020; 8.

Hansen HH, Pors S, Andersen MW, Vyberg M, Nghr-Meldgaard J, Nielsen
MH, et al. Semaglutide reduces tumor burden in the GAN diet-induced obese
and biopsy-confirmed mouse model of NASH-HCC with advanced fibrosis.
Sci Rep. 2023; 13: 23056.

Lau JKC, Zhang X, Yu J. Animal models of non-alcoholic fatty liver disease:
current perspectives and recent advances. ] Pathol. 2017; 241: 36-44.

Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et
al. Design and validation of a histological scoring system for nonalcoholic fatty
liver disease. Hepatology. 2005; 41: 1313-21.

Stritt M, Stalder AK, Vezzali E. Orbit Image Analysis: An open-source whole
slide image analysis tool. PLOS Computational Biology. 2020; 16: €1007313.
Tedeschini T, Campara B, Grigoletto A, Bellini M, Salvalaio M, Matsuno Y, et
al. Polyethylene glycol-based linkers as hydrophilicity reservoir for
antibody-drug conjugates. ] Control Release. 2021; 337: 431-47.

Al Rawashdeh We, Zuo S, Melle A, Appold L, Koletnik S, Tsvetkova Y, et al.
Noninvasive Assessment of Elimination and Retention using CT-FMT and
Kinetic Whole-body Modeling. Theranostics. 2017; 7: 1499-510.

Marie S, Tripp DKK, Cherrington NJ. Strategies to diagnose nonalcoholic
steatohepatitis: a novel approach to take advantage of pharmacokinetic
alterations. Drug Metab Dispos. 2022; 50: 492-9.

Imajo K, Honda Y, Kobayashi T, Nagai K, Ozaki A, Iwaki M, et al. Direct
comparison of US and MR elastography for staging liver fibrosis in patients
with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol. 2022; 20:
908-17.

https://lwww.thno.org



