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Fast detection of liver fibrosis with collagen-binding
single-nanometer iron oxide nanoparticles via T,-weighted MRI
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SNIO-CBBP, a single-nanometer iron oxide (SNIO) nanoparticle functionalized with
a type I collagen-binding peptide (CBP), was developed as a 7}-weighted MRI con-
trast agent with only endogenous elements for fast and noninvasive detection of liver
fibrosis. SNIO-CBP exhibits 6.7-fold higher relaxivity compared to a molecular
gadolinium-based collagen-binding contrast agent CM-101 on a per CBP basis at
4.7 T. Unlike most iron oxide nanoparticles, SNIO-CBP exhibits fast elimination
from the bloodstream with a 5.7 min half-life, high renal clearance, and low, tran-
sient liver enhancement in healthy mice. We show that a dose of SNIO-CBP that
is 2.5-fold lower than that for CM-101 has comparable imaging efficacy in rapid
(within 15 min following intravenous injection) detection of hepatotoxin-induced
liver fibrosis using T;-weighted MRI in a carbon tetrachloride—induced mouse liver
injury model. We further demonstrate the applicability of SNIO-CBP in detecting
liver fibrosis in choline-deficient L-amino acid-defined high-fat diet mouse model
of nonalcoholic steatohepatitis. These results provide a platform with potential for
the development of high relaxivity, gadolinium-free molecular MRI probes for char-
acterizing chronic liver disease.

liver fibrosis | MRI | contrastagent | iron oxide nanoparticles | targeted delivery

Contrast agents are used in more than 40% of clinical MRI procedures due to their ability
to alter MR image contrast in areas where they accumulate by accelerating the relaxation
processes of protons in their vicinity (1). Molecular gadolinium-based contrast agents
(GBCAs) exhibit strong positive (7;) contrast enhancement and have achieved significant
clinical and commercial success (2). With more than 99% renal clearance, GBCAs are
generally considered safe in patients who do not exhibit chronic or acute kidney disease
(3, 4). Targeted contrast agents have the potential to profoundly aid disease detection,
staging, and prognosis, as well as elucidate complex biology in vivo (5, 6). The development
of targeted GBCAs, however, is limited by the sensitivity of the probe and by safety con-
cerns related to gadolinium release and retention (4); micromolar concentrations of
GBCAs are usually required for satisfactory MRI resolution, and the safety profiles of
targeted GBCAs become debatable at these concentrations, as the residence times of the
probes in targeted tissue can be long,.

Superparamagnetic iron oxide nanoparticles (SPIONS), including ferumoxytol (an iron
replacement therapy approved by the Food and Drug Administration), have emerged as
promising competitors to GBCAs (7, 8). SPIONs exceed GBCAs in magnetization per
metal ion, making it possible to detect targets at low concentrations in vivo with high
sensitivity, albeit by providing negative (75) image contrast (9, 10). After imaging, SPTIONs
were shown to be effectively cleared from the body as they can be metabolized into the
endogenous iron pool (11). Although extensive studies have been carried out exploring
SPIONSs as 77-weighted MRI contrast agents by controlling the sizes of the nanoparticles
and by modifications on the surface (12, 13), most reported SPIONs have high levels of
liver accumulation due to phagocytosis by macrophages, or long circulation times in the
bloodstream (14). Because of their large (> 6 nm) hydrodynamic sizes, these SPIONs take
along time to extravasate across the endothelium into the interstitial space (hours to days)
(15). Phagocytosis leads to high background signal in macrophage-rich organs such as the
liver (16), making it challenging to distinguish targeted signals from simple distributions
in these tissues; long circulation times and slow extravasation lead to excessively long
measurement times of hours or days following administration making the use of targeted
SPIONSs impractical in the clinic.

Previously, we have engineered both the ligand shell and the inorganic core of SPIONSs
to improve their properties as 7] contrast agents. Nonspecific binding between nanopar-
ticles and biomolecules in the plasma was reduced by introducing zwitterionic
catechol-based surface ligands (17, 18), and liver uptake of the imaging agents was
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minimized by limiting the nanocrystal diameter to single-nanometer
size (19, 20). With these optimizations, single-nanometer iron
oxide nanoparticles (SNIOs) with a zwitterionic coating exhibit
a longitudinal relaxivity (r,) almost identical to that of molecular
GBCAs, along with similar tissue-permeability, short circulation
times, and comparable clearance profiles (20).

To address an unmet clinical need, here we demonstrate the appli-
cability of targeted SNIOs in the detection of liver fibrosis. Common
to most chronic liver diseases (21), liver fibrosis represents scar tissue
formation characterized by excess accumulation of extracellular
matrix proteins, chiefly collagen (22). Serum biomarkers and elas-
tography methods are useful to detect advanced liver fibrosis, but
they are not sensitive enough for the detection of mild to moderate
fibrosis (23, 24). Currently, biopsy remains as the only method in
the clinic to detect the onset of liver fibrosis. However, biopsies suffer
from limitations including sample bias, the risk of complications,
and an inability to serially monitor disease progression due to its
invasive nature (25). Imaging extracellular collagen through
peptide-based collagen-targeting molecular MRI probes was shown
to be effective for noninvasive detection and staging of liver fibrosis,
but these studies all utilized gadolinium-based probes (26-28, 29).

‘We demonstrate that functionalization of SNIOs can result in
an ideal MRI probe for detecting liver fibrosis. These targeted
SNIOs are composed of only endogenous atomic elements, they
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provide high detection sensitivity at low dosages, and they enable
a fast molecular imaging readout following administration. First,
we present the stoichiometric functionalization of SNIOs by engi-
neering surface ligands and the development of bioconjugation
conditions to incorporate a type I collagen-binding peptide (CBP)
to yield SNIO-CBP. We then investigate the biophysical proper-
ties of SNIO-CBP, including its affinity toward type I collagen
and its pharmacokinetic profile, and compare these characteristics
with  the state-of-the-art  molecular  collagen-binding
gadolinium-based agent CM-101, which has been demonstrated
to be effective in detecting liver fibrosis in various disease models
and animal species (28). Finally, we assess the performance of
SNIO-CBP in detecting liver fibrosis in two mouse models which
resemble toxin- and diet-induced human liver fibrosis.

Results

The synthesis of SNIO-CBP is shown in Fig. 1. Alkyne-
functionalized SNIOs (SNIO-alkyne) were prepared through
ligand exchange on the SNIO surface (Fig. 14) (20). SNIOs coated
with oleic acid (OA), synthesized through thermolysis of iron(III)
oleate precursors, were first ligand-exchanged with carboxylic acid
ligands modified with oligo(ethylene glycol) to allow for dispersion
in mid-polarity solvents such as NV,N-dimethylformamide (DMF).
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Synthesis and characterizations of SNIO-CBP. (A) Synthesis scheme for SNIO-CBP. (B) Schematic illustration of the construction of SNIO-CBP. Two types

of ligands are present on the nanoparticle surface: zwitterionic ligands offer stability and solubility, peptide-conjugated ligands allow for targeting. (C) SAXS profile
of SNIO-CBP in the g region corresponding to single-nanometer range in real space; the scattering profile was fitted to spherical particles with a log-normal
distribution at a mean diameter of 1.47 nm. (D) Gel filtration chromatogram of SNIO-CBP shows its size purity and a hydrodynamic diameter of 4.6 nm. (E) Gel
filtration chromatograms of SNIO-CBP incubated with two different concentrations of FBS and FBS alone: a minimal degree of nonspecific binding of SNIO-CBP
in the plasma were observed. Red and orange peaks: binding products between SNIO-CBP and species in FBS; pink peaks: native species in FBS. (F) Binding
affinity of SNIO-CBP toward human type | collagen. For the reaction, CBP + collagen = CBP-collagen, the dissociation constant K = 18.4 pM.
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Table 1.

Longitudinal relaxivity (r;) at 1.4 T

and 37 °C(mM™"s™)

Longitudinal relaxivities of iron-based SNIO-CBP nanoparticles and gadolinium-based CM-101 molecules

Longitudinal relaxivity (r;) at4.7 T
and 25 °C(mM™'s™")

Contrast agent Per metal ion Per peptide Per metal ion Per peptide
SNIO-CBP 4.5 195 2.7 145
CM-101 1.1 33.3 7.2 215

Successive ligand exchanges with a mixture of catechol-based lig-
ands, zwitterionic dopamine sulfonate (ZDS), and propargyl dihy-
drocaffeic amide (PDA) afforded functionalized water-soluble
nanoparticles.

Conjugation between SNIO-alkyne and CBP-azide via a
copper-catalyzed alkyne—azide reaction provided the final SNIO-
CBP product (Fig. 1B8): A mixed DMSO-H,O solvent was used to
disperse the hydrophobic CBP-azide, and a nitrogen-based chelat-
ing ligand [(benzimidazol-2-yl)methyl]bis[(2-pyridyl) methyl]Jamine
(BPBA) (30) was chosen for its ability to stabilize the Cu(I) catalyst
and to accelerate reaction kinetics (31). Considering the catalytic
catechol-cleaving ability of iron—-BPBA complexes, the conjuga-
tion reaction was performed in the absence of oxygen on a Schlenk
line (30). After reaction completion, the product SNIO-CBP was
precipitated using acetone, redispersed in 10 mM pH 7.4 sodium
phosphate buffer, and purified through syringe filtration followed
by centrifugal filtration. Solutions of the product proved stable in
room air for over a month (S/ Appendix, Fig. S1).

The size of the iron oxide core in SNIO—CBP was determined
by small-angle X-ray scattering (SAXS, Fig. 1C) (20, 32).
Scattering data were interpreted using a spherical particle model
with a log-normal distribution, yielding a mean diameter of
1.5 nm. A mean hydrodynamic diameter of 4.6 nm was
obtained by gel filtration chromatography (GFC) (Fig. 1D).
The CBP ligand shell contributed 3.1 nm to the hydrodynamic
diameter, but the size of SNIO-CBP was still below the renal
clearance threshold for inorganic nanoparticles (-5.5 nm) (33).
Due to the abundance of catechol-based zwitterionic surface
ligands, SNIO-CBP showed a near-zero zeta potential of
-4.67 mV and exhibited minimal nonspecific binding in plasma
after incubation with fetal bovine serum (FBS) (Fig. 1E). The
hydrophilicity of ZDS provided SNIO-CBP with satisfactory
solubility in phosphate buffer up to at least 36 mM on an iron
basis or 0.67 mM on a CBP basis (Fe/CBP = 54/1). Assuming
a chemical composition of Fe,Oj; for the iron oxide core, the
SNIO/CBP ratio was determined to be 1/1.1 (Supporting
Information). Affinity between SNIO-CBP and human type I
collagen was investigated in vitro (26, 34), and a collagen-binding
dissociation constant K = 18.4 pM was measured (Fig. 1F and
SI Appendix).

The r; of SNIO-CBP was measured to be 4.5 s”' (mM Fe) ™ at
1.4T and 37°C, 50% higher than unfunctionalized SNIO
(3.0 s mM™). The increase in relaxivity was attributed to the
reduction of the particle tcumbling rate as a result of a 48% larger
hydrodynamic diameter. SNIO-CBP and CM-101 (Gd/CBP ratio
of 3/1), a gadolinium-based collagen-binding contrast agent (28),
shared the same CBP (Table 1). Although CM-101 exhibited a
higher 7, per metal ion, SNIO-CBP showed a 5.9-fold higher 7,
per peptide at 1.4 T due to its higher metal ion/CBP ratio. At4.7 T,
r, per peptide for SNIO-CBP was 6.7 times higher than CM-101,
providing higher MRI sensitivity without increasing the peptide
concentration. The relaxivity of SNIO-CBP was unchanged in the
presence of collagen when measured at 4.7 T indicating that further
increasing the rotational correlation time upon protein binding
provides no further relaxivity benefit. Given previous reports on
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successfully applying gadolinium-based collagen-binding agents,
including CM-101, to various fibrotic animal models (28, 35), these
in vitro results suggested SNIO-CBP to be a potential candidate
for targeting and imaging fibrosis.

The pharmacokinetics of SNIO-CBP was assessed in healthy
male mice using dynamic 7;-weighted MRI (Fig. 24), and the
results were quantified by measuring changes in the tissue-to-muscle
contrast-to-noise ratio (CNR) in the blood pool (heart), liver, and
kidneys. Following intravenous administration (2 nmol SNIO-
CBP/gram animal; all animal doses are reported on CBP basis),
immediate blood pool enhancement was observed from
whole-body MRI with a blood elimination half-life of 5.7 +
1.9 min that was estimated from a monoexponential decay of the
blood pool signal. This half-life was similar to the pharmacoki-
netics of the gadolinium-based CM-101 (28). The collecting ves-
sels in the kidney were apparent at 1 min post injection (Fig. 24),
demonstrating rapid renal filtration owing to the small size of
SNIO-CBP (87 Appendix, Fig. S2). Importantly, SNIO-CBP
only transiently and slightly enhanced the liver (Fig.2B),
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Fig.2. Clearance profile of SNIO-CBP in normal mice (n = 3). (A) Time evolution
of T,-weighted MRI preinjection and up to 32 min postinjection. Signals from
the heart, liver, and kidneys were processed for quantification. The dotted
curve gives an example of area selection for the liver. (B) Clearance profile of
SNIO-CBP quantified through CNR in the blood pool, liver, and kidneys. CNR
data were fitted into exponential decays. Data shown as mean + standard
deviation (SD).
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indicating an extracellular distribution, and implying that the
probe was not taken up by liver macrophages.

SNIO-CBP was next evaluated in mice with liver fibrosis
induced by 12-wk oral gavage of CCly in olive oil (CCl, group),
compared to control mice gavaged with olive oil only (OO group)
(36). Parallel experiments using CM-101 instead of SNIO-CBP
were also carried out (Fig. 34). The probes were administered
intravenously with the mouse in the scanner, and 7}-weighted
MR imaging was performed preinjection and dynamically up to
35 min postinjection. Doses of 2 nmol/g SNIO-CBP and 5 nmo-
/g CM-101 were used, and liver-to-muscle CNR was quantified
(Fig. 3B). Upon injection of SNIO-CBP into CCly injured mice
and OO mice, higher liver signal enhancement and persistent liver
image contrast were observed in the CCly group compared to the
OO group (SI Appendix, Fig. S3). A similar trend was observed
with CM-101. Due to the faster clearance of CM-101 in the liver,
the CNR difference between CCl, (2.5 £ 0.5, 72 = 6) and OO (0.3
+ 0.5, 7 = 4) groups imaged with CM-101 showed significantly
higher liver CNR (P < 0.0001) as early as 6 min post injection
(Fig. 3C). At 13 min postinjection, the average liver CNR of CCl,
mice (1.8 £ 0.6, 7 = 6) was also significantly (P < 0.001) greater
than the average of the control mice (0.4 + 0.4, n = 4) injected
with CM-101. In comparison, a statistical difference between the
CCl; and OO mice imaged with SNIO-CBP appeared at 13 min
(P<0.001). CNR at 13 min postinjection for CCl; and OO mice
were 1.9 + 0.2 and 0.9 + 0.5, respectively. It is worth noting that
the average CNR at 13 min postinjection was similar for the two
different contrast agents SNIO-CBP and CM-101, despite a
2.5-fold lower dose of the former being administered (Fig. 3D).
After imaging, animals were sacrificed, and histopathological anal-
yses were performed on the liver tissues.
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Collagen staining using Sirius Red showed an increased amount
of collagen fibers in CCly mice (Fig. 3E). Quantification of the
positive staining as collagen proportional area (CPA) was found
to be 10-fold higher in the CCl, group vs. the vehicle-treated OO
group (SI Appendix, Fig. S$4). Liver hydroxyproline concentration
(Hyp), as a quantitative marker of total tissue collagen, also sig-
nificantly increased after CCl, injury (Fig. 3F). These data con-
firmed consistent fibrosis in the CCl,-injured mice. Accumulation
of SNIO-CBP was observed with Prussian Blue staining of iron
(Fig. 3E). Stained areas showed strong correlation to the locations
of collagen in the fibrotic septa (red tracts in the Sirius Red stained
slides), further confirming the specific binding affinity of SNIO-
CBP to collagen.

SNIO—-CBP was then evaluated in a second mouse model of
fibrosis. We used a nonalcoholic steatohepatitis (NASH) model
caused by choline-deficient, Z-amino acid—defined, high-fat diet
(CDAHEFD), which resulted in liver fibrosis with accompanying
liver inflammation and steatosis, drawing comparison to NASH
in humans (37). Mice were fed CDAHFD (CDAHEFED group)
or standard chow (SC group) for 14 wk and imaged before and
after intravenous 2 nmol/g SNIO-CBP administration
(Fig. 4A), followed by sacrifice and ex vivo characterization of
the liver.

Liver MRI results showed increased liver signal enhancement
in CDAHFD mice compared to control SC mice, and this
enhancement persisted over time (Fig. 4B). At 13 min postinjec-
tion, liver-to-muscle CNR in the CDAHFD group (2.1 + 0.9)
was significantly higher than CNR in the control SC group (0.6
+0.5) (P<0.01) (Fig. 4C). In contrast to the CCl; model, Prussian
Blue staining of CDAHFD liver tissues showed a highly diffuse
distribution of iron (Fig. 4D) due to the delocalized and a weblike
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Fig. 3. T,-weighted MRI of mice with CCl,-induced liver fibrosis and olive oil vehicle-treated control (O0). (A) Schematic illustration of the study design. (B)
Comparisons of liver MRI signals in CCl, mice and OO mice preinjection and 13 min postinjection (p.i.), administered with either SNIO-CBP (2 nmol/g CBP) or CM-
101 (5 nmol/g CBP). (C) Postinjection MRI signal evolution in liver (n = 6 for each CCl, group and n = 4 for OO group). (D) Quantified changes in contrast-to-noise
ratio CNR of liver at 6 min or 13 min postinjection. Legend: CCl,-CCl, group, 0O-00 group, Fe-subjects imaged with SNIO-CBP, Gd-subjects imaged with CM-101,
6min-CNR at 6 min postinjection, 13min-CNR at 13 min postinjection. (E) Representative microscopy images of the adjacent liver tissues from CCl, (disease) and OO
(control) mice, stained with Hematoxylin and Eosin (H&E), Sirius Red, or Prussian Blue. (F) Liver collagen concentration assessed by hydroxyproline content (Hyp,
ug/g tissue) (n = 6 for each group). All data shown as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant, unpaired t test, two-tailed.
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Fig. 4. T,-weighted MRI of mice fed with choline-deficient L-amino acid-defined high-fat diet (CDAHFD) or SC for 14 wk. (A) Comparisons of liver MRI signals
preinjection and 13 min postinjection (p.i.), administered with SNIO-CBP (2 nmol/g CBP). (B) Postinjection MRI signal evolutions in liver. (C) Quantified changes in
contrast-to-noise ratio of liver at 13 min postinjection. (D) Representative microscopy images of the adjacent liver tissues from CDAHFD (disease) and SD (control)
mice, stained with H&E, Sirius Red, or Prussian Blue. (E) Liver collagen concentration assessed by hydroxyproline content (Hyp, pg/g tissue) (n = 6 for each group).
(F) Collagen proportional area (CPA) measured from Sirius Red-stained tissue (n = 6 for each group). (G) Quantitative analyses of fat content in H&E-stained livers
of CDAHFD and control mice (n = 6 for each group). All data shown as mean + SD, **P < 0.01, ***P < 0.001, unpaired t test, two-tailed.

collagen network as revealed by Sirius Red staining. The liver
hydroxyproline level was higher in CDAHFD mice than in SC
mice (630 + 200 pg/g tissue vs. 110 + 24 pg/g tissue) (Fig. 4E),
in agreement with increased collagen deposition in CDAHFD
mice, as assessed by CPA from Sirius Red staining (7.9 + 3.0% in
CDAHEFD vs. 0.1 + 0.1% in control mice) (Fig. 4F), confirming
the presence of fibrosis in CDAHFD mice. Morphometric quan-
tification of steatosis also showed a significantly higher fat per-
centage in the CDAHFD group (28.5 + 4.4% vs. 1.5 + 0.4% in
SC mice from H&E-stained slices, Fig. 4G).

Discussion

We opted for an SNIO/CBP ratio close to 1/1 for the design of
the conjugated nanoparticles. Increasing the ratio of CBP to iron
increases the particle hydrodynamic diameter, which could result
in extended blood half-life, lower clearance by the kidneys, and
potentially a larger degree of tissue retention and nonspecific signal
enhancement in the liver. Hydrophobicity of the peptide also had
a negative effect on the solubility of the nanoparticles in water.
Based on these considerations, a formulation with an SNIO/CBP
ratio of 1/1.1 was used in this study to ensure that SNIO nano-
particles smaller than the mean size were also functionalized.

Notably, after modification with CBP, SNIO-CBP showed
higher longitudinal relaxivity than unmodified SNIO, and it is
six times higher than CM-101 under the same peptide concen-
tration at 4.7 T. The dissociation constant for binding to human
type I collagen was 18.4 pM for SNIO-CBDP, which was 5.1 times
higher than that for CM-101 (3.6 uM). The lower affinity of
SNIO-CBP is likely due to steric hindrance caused by the iron
oxide nanoparticles. Despite the lower collagen affinity for SNIO-
CBP its 6.7-fold higher relaxivity than CM-101 enabled SNIO—
CBP to detect liver fibrosis with comparable sensitivity to CM-101
at a 2.5-fold lower dose as confirmed by the animal studies. The
blood half-life of SNIO-CBP in normal mice (5.7 + 1.9 min)
was similar to gadolinium-based small molecules and much
shorter than reported SPIONS of larger sizes, consistent with effi-
cient renal filcration.

PNAS 2023 Vol.120 No.18 2220036120

In vivo results demonstrated that SNIO-CBP detected liver
fibrosis using 7;-weighted MRI in both toxin-induced and
diet-induced mouse models of liver fibrosis. The liver contrast
enhancement was read out within 15 min after injection; a time
that is significantly shorter than the readout with most nanopar-
ticle agents. Moreover, the liver background signal was much lower
than that of other nanoparticles thanks to the extremely small
particle size of SNIO-CBP. Prussian Blue staining together with
Sirius Red staining showed a strong correlation between SNIO—
CBP and collagen deposition in fibrotic liver tissues. The correla-
tion confirmed the binding specificity of SNIO-CBP to collagen.
The observation of iron accumulation in the liver suggested that
nanoparticle clearance within our total imaging timeframe of less
than 40 min was incomplete, which may be due to the slower
washout rate upon binding.

This study demonstrates several conceptual advances for molec-
ular MR imaging. It has long been recognized that signal gener-
ation is a limitation of molecular targeting with MR. While
nanotechnology approaches can provide very high payloads of
imaging reporters (7), they are typically limited by unfavorable
pharmacokinetics: long blood circulation times, retention in liver,
and slow extravasation out of the vascular compartment into the
interstitium (15). As a result, hours to days are required to accu-
mulate enough probe at the site of interest. These long times have
limited the clinical translation of such molecular probes (38). On
the other hand, the synthesis of discrete probes with multiple
gadolinium chelates conjugated to a targeting vector has proven
useful in some instances (39, 40), but this approach suffers from
synthetic complexity resulting in a high cost of manufacturing
(41). In this work, we show that the SNIO platform offers a
synthetically straightforward approach to delivering a large pay-
load of ferric ions with high relaxivity by readily functionalizing
the SNIO with a peptide or small molecule to provide molecular
targeting. We have demonstrated that SNIO-CBP-enhanced MRI
can detect liver fibrosis within minutes of administration; a time
frame that is compatible with clinical imaging protocols. This
SNIO framework is readily adapted to other targeting vectors that
have been utilized in other molecular MR applications (2, 5, 41).
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In summary, collagen-binding SNIO nanoparticles, SNIO-CBP,
with near 1/1 SNIO/CBP stoichiometry, were successfully formu-
lated. The SNIOs act as both reporters for MRI contrast and carriers
for delivering the CBP vector for collagen targeting. We confirmed
the ability of SNIO-CBP to act as a 7}-weighted MRI contrast
agent through longitudinal relaxivity measurements, demonstrated
the binding affinity of SNIO-CBP toward human type I collagen
in vitro, and obtained its pharmacokinetic profile using 7;-weighted
MRI in mice. As a gadolinium-free platform with high renal clear-
ance and low nonspecific liver uptake, we further demonstrated the
ability of SNIO-CBP enhanced MRI to detect liver fibrosis in two
mouse models. Drawing a parallel between the newly formulated
SNIO-CBP and the molecular collagen-targeting CM-101, we
observed similar results for the two contrast agents when the dosage
of SNIO—CBP was 2.5 times lower per peptide. With the method-
ology established in this report, we provide an approach to func-
tionalize SNIO nanoparticles, which have endogenous atomic
elements, superior magnetic properties, and small molecule-like
pharmacokinetics, for broader application. Our study thus brings
us one step closer toward gadolinium-free targeted MRI in the clin-
ical setting.

Materials and Methods

Unless specified, all chemicals were purchased from MilliporeSigma.

SNIO Nanoparticles with Oleic Acid Surface Ligands (SN10-0A). SNIO-0A
was synthesized according to previous report, except that the final product was
dispersed in toluene instead of hexanes (20).

Propargyl Dihydrocaffeic Acid (PDA). PDA was synthesized according to a
modified procedure (42).In a 250-mLround-bottom flask, to the solution of dihy-
drocaffeic acid (1.82 g, 10 mmol) in tetrahydrofuran (100 mL) were added N,N'-
dicyclohexylcarbodiimide (2.27 g, 11 mmol) and N-hydroxysuccinimide (1.27 g,
11 mmol).The mixture was stirred at room temperature under nitrogen for 2 hand
was filtered. To the filtrate solution under nitrogen were added propargylamine
(0.55 g, 10 mmol) and triethylamine (1.01 g, 10 mmol), and the solution was
stirred at room temperature for 24 h. The mixture was filtered again, concentrated
in vacuo, loaded on a silica column, and then washed with 15% methanol in
dichloromethane to give a yellow viscous oil (reaction yield 90%). The product
was stored at room temperature and under nitrogen.

Alkyne Functionalization of SNIO Nanoparticles (SNI0-Alkyne). The fol-
lowing method describes the preparation of SNIO-alkyne at a scale suitable
for imaging 10 to 12 mice at a dosage described in this report. In a 7-mL
scintillation vial, SNIO-OA in toluene (1 mL), 2-(2-methoxyethoxy)acetic acid
(1 mL, TCl America), and toluene (2 mL) were added. The vial was capped, and
the solution was stirred at 70 °C for 15 min. After cooling to room temperature,
the resulting solution was transferred into a centrifuge tube, and hexanes
(20 mL) were added, resulting in a two-phase system. Acetone was then added
in small amounts until a highly concentrated bottom phase was obtained.
Centrifugation can be used to help phase separation. Meanwhile, in a 50-mL
round-bottom flask, 50 mg PDA and 750 mg ZDS were dispersed in a mixture
of 10 mLDMF and 5 mL water. The product was carefully pipetted and added
to the solution mixture. The reaction mixture was stirred at 70 °C for 6 h under
nitrogen. After cooling down to room temperature, the SNIO-alkyne mixture
was precipitated with 30 mL acetone. After centrifugation, the supematant
was discarded, and the remaining pellet was dispersed in sodium phosphate
buffer (10 mL, 10 mM phosphates, pH 7.4, without saline), concentrated to
1 mL through centrifugal filtration (MWCO 3000 Da, Amicon) five to seven
times until the filtrate became lightly purple, filtered through Nylon syringe
filter (0.22 um, Millipore Millex) and stored at 4 °C. The iron content was
analyzed through *°Fe ICP-MS with **Sc as an internal standard on an Agilent
7900 inductively coupled plasma mass spectrometry ICP-MS. This method
has been scaled up to as much as 4 mL of SNIO-OA as the starting material
ordown to 25 pL of SNIO-0A.
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[(Benzimidazol-2-yl)methyl]bis[(2-pyridylmethyl)Jamine (BPBA). BPBA (also
known as BimPy2) was prepared according to literature methods (30). The reaction
yield was 42%. Off-white crystals were stored at room temperature under nitrogen.

Azide-Functionalized CBP-Azide. CBP-azide was obtained through azide
functionalization of the N-terminus of the unfunctionalized CBP (AmbioPharm).
N;-PEG,-COOH (200.0 mg, 0.53 mmol, BroadPharm) (PEG: polyethylene gly-
col), pentafluorophenol (PFP, 155.3 mg, 0.84 mmol), and PS-carbodiimide resin
(503 mg, 0.84 mmol) were taken together in a reaction vessel with a magnetic stir-
ring bar. Dichloromethane (5 mL) was added, and the reaction mixture was allowed
tostirat room temperature for 3 h.The reaction progress was monitored by high-per-
formance liquid chromatography-mass spectrometry (HPLC-MS). Upon completion
of the reaction, the mixture was filtered off to remove the PS-carbodiimide resinand
the resulting solution was evaporated under reduced pressure to remove dichlo-
romethane.The activated ester N;-PEG,-COOPFP was isolated as a pale yellow solid
and was used as is for the next step. To the solution of CBP (50 mg, 0.02 mmol)in
DMF was added N4-PEG,-COOPFP (12 mg, 0.02 mmol). The pH was maintained at
9 by the addition of N,N-diisopropylethylamine and the reaction was allowed to
stir at room temperature. Upon completion of the reaction as observed by liquid
chromatography-mass spectrometry (LC-MS), the reaction mixture was poured into
a falcon tube containing cold diethyl ether to precipitate the coupled product. The
solution was centrifuged, and the residue was isolated as the crude peptide-PEG
linker conjugate. The crude compound was isolated by preparatory HPLC to obtain
the off-white solid, CBP-azide. CBP-azide was characterized by LC-MS (Agilent 1260
system coupled to an AgilentTechnologies 6130 Quadrupole MS system; 5 to 95%,
0.1% Formic acid ACN/0.1% Formic acid water; Phenomenex LUNA, C18(2), 5 um,
100 x 2 mm, flow rate: 0.7 mL/min): t, = 4.92 min; purity > 95%; m/z, [M+2]/2
=1280.3,[M+3]/3 = 254.3.

SNIO Nanoparticles Conjugated with CBP (SN10-CBP). In a 5-mLround-bot-
tom flask, CBP-azide (10 mg) was dissolved in dimethylsulfoxide (DMSO,
3.2 mL). Separately, SNIO-alkyne (65 umol Fe per ICP-MS) was concentrated
through centrifugal filtration (Molecular weight cut-off (MWCO) 3000 Da) to
500 plL and added into the solution above. Water (60 pL) was added to help
transfer SNI0-alkyne solution.The flask was placed under a vacuum, then filled
with nitrogen, three times on Schlenk line. Meanwhile, in a microcentrifuge
tube, copper sulfate in water (30 uL, 20 mM), BPBA in DMSO (30 L, 40 mM),
and sodium ascorbate in water (300 pL, 100 mM) were combined. Then, 240
uL of the mixture was injected into the reaction mixture through a syringe.
The flask was placed under a vacuum and filled with nitrogen three times. The
reaction mixture was stirred at 25 °C for 2 h, precipitated with 30 mLacetone,
and redispersed in sodium phosphate buffer (10 mL, 10 mM phosphates, pH
7.4, without saline). The product was concentrated to 1 mL through centrifu-
gal filtration (MWCO 3000 Da) three times, filtered through a Nylon syringe
filter (0.22 pm) and stored at 4 °C. The iron content was analyzed through
*%Fe ICP-MS with **Sc as an internal standard; the peptide concentration was
analyzed through L-amino acid analysis as described below.

X-ray Scattering Analysis. X-ray scattering data were collected with momentum
transfer g 0.40~10 nm™" on an absolute scale in transmission mode with Cu
K-alpha emission at 1.5418 A (Rigaku 002 Microfocus X-ray source, Rigaku) and
Dectris PILATUS3 R 300K detector (Dectris USA) on a SAXSLAB system (Skovlunde),
integrated over 300 s.An SNIO-CBP sample in 10 mM pH 7.4 sodium phosphate
buffer was loaded in a 1.5-mm quartz capillary (Hampton Research) and sealed
with sealing wax (Hamilton Research). Background signal of the solvent was also
collected under the same conditions and subtracted from the data for SNIO-CBP
for processing. Data processing was performed on SasView5 software using a
spherical particle model with a log-normal distribution.

Gel Filtration Chromatography (GFC). GFC on Superose 12 10/300 GL
high-performance size exclusion column (General Electric) was performed on
the AKTAprime Plus FPLC system used in accordance with protocols in our previous
report (20). A reconstituted gel filtration standard (Bio-rad, #1511901) was used
to calibrate the column for hydrodynamic diameter correlation. A hydrodynamic
diameter (dyp, nm)-¢elution time (t, min) relationship was fit into a quadratic
equation dyy = 0.02648 - 2.213t + 47.96 (R = 0.9917). The elution time of
SNIO-CBP was 31.1 min, giving a hydrodynamic diameter of 4.6 nm.
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L-amino Acid Analysis. An SNIO-CBP stock solution (36 mM Fe, 50 uL) was added
to a 5-mL round-bottom flask and was digested with 1 mLof 6 M HCl for 24 h under
nitrogen protection. After cooling to room temperature, the solution was evaporated
invacuo, leaving a black residue. Then, 1x pH 7.4 phosphate-buffered saline (PBS)
(200 L) was added, and the mixture was transferred into a microcentrifuge tube
and centrifugated at 10k rpm for 5 min. Following that, 100 pL of the supernatant
was collected and was diluted with 100 piL Tris-acetate-EDTA buffer. This final solution
approximately contained 1 mM total L-amino acids. Enzymatic fluorometric quanti-
fication (excitation wavelength 4, = 535 nm, emission wavelength 4,,, = 587 nm)
was performed with an L-amino Acid Quantification Kit (Sigma-Aldrich, MAK002).
CBP concentrationis 1/14 of total L-amino acid concentration (glycine and tryptophan
are not detected by this method).

Nonspecific Binding with Plasma. An aliquot of SNIO-CBP stock solution was
taken and diluted with 1x pH 7.4 PBS, and FBS was added. The final solution was
200 pLin volume, contained 6 mM SNIO-CBP on a per-Fe basis and 10% FBS.
The mixture was incubated at 37 °Cfor 5 min and a size exclusion chromatogram
was taken. Chromatograms of SNIO-CBP with 20% FBS and 20% FBS without
SNIO-CBP were taken successively after the same amount of incubation time. The
iron concentration and the incubation period were designed in accordance with
the concentration and half-life of SNIO-CBP in mouse blood pool.

Type | Collagen Binding Affinity. The collagen binding procedure was per-
formed in vitro similar to our previous report (26). Aliquots of Human type |
collagen solution were placed into half of the wells of a 96-well plate, gelled,
and dried, forming thin films on the plate bottom. The final content of gelled
collagen in each well was 150 pg. A series of SNIO-CBP dilutions in 1 x pH
7.4 PBS ranging from 0.1 to 35 mM on a per-CBP basis were made from
stock solution. Each dilution was added into one well containing collagen
and one well without collagen; the volume of each addition was 90 pL. The
96-well plate was gently shaken at room temperature for 2 h without disturb-
ing the collagen films on the bottom, 45 pL supernatants were collected, and
the content of contrast agents in the supernatants were measured with *°Fe
[CP-MS. For each dilution, the difference in CBP concentration between the
well containing collagen and the well without collagen indicated the portion
of SNIO-CBP bound to collagen.

For each dilution, CBP concentration in the well without collagen was noted as
[CBP],, and the concentration in the well with collagen film was noted as [CBP].
CBP bound with collagen [CBP-collagen] = [CBP], — [CBP]. For the binding reac-
tion CBP + collagen = CBP-collagen, the dissociation constant K, was extracted
through fitting the experiment data with the Langmuir isotherm model

[collagen],[CBP]

[CBP — collagen] = K[ 1]

Data fitting gave K; = 18.4 uM (R> = 0.9982). Numeric data are provided in
Sl Appendix.

Longitudinal Relaxivities. CM-1071 and SNIO-CBP at a range of concentrations
(0.01t0 0.2 mM) were prepared in 1x pH 7.4 PBS. For relaxivity at 1.41T, longi-
tudinal (T,) relaxation times were measured via an inversion recovery experiment
using 10 inversions of duration ranging between 0.05 T, and 10 T on a Bruker
mq60 Minispecat 1.41Tand 37 °C. Relaxivities at 4.7 Twere measured on a 4.7
Tesla MRI scanner (Bruker) using a custom-built volume coil with T, mapping
FARE sequence. Then, the concentration of the corresponding metal ions was
determined on an Agilent 7900 ICP-MS. The relaxivity r; was then determined
from the slope of a plot of 1/ T, vs. metal concentration for five concentrations.

Animal Studies. All animal experiments were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and in compliance
with the ARRIVE guidelines and approved by the MGH Institutional Animal Care
and Use Committee. A total of 35 mice were studied. No animals were excluded
from the study.

CCl, Liver Fibrosis Mouse Model. Male C57BL/6 mice (6-wk-old, Charles River
Laboratories) were treated with an oral gavage of carbon tetrachloride for 12 wk

PNAS 2023 Vol.120 No.18 2220036120

(two to three times per week, 0.1 mL of 20% CCl, in olive oil the first week, 30%
the second week, and 40% from weeks 3 through 12). Control mice were treated
with vehicle (olive oil) only.
Group 1, CCl, for 12 wk (n = 6) and imaged with SNIO-CBP (2 nmol/g CBP).
Group 2, CCl, for 12 wk (n = 6) and imaged with CM-101 (5 nmol/g CBP).
Group 3, vehicle-treated control (n = 4) and imaged with SNIO-CBP (2 nmol/g
CBP).
Group 4, vehicle-treated control (n = 4) and imaged with CM-101 (5 nmol/g
CBP).

CDAHFD Mouse Model. A total of 20 C57BL/6 mice were used in this study and
randomized to each study group.To induce NASH, 6-wk-old, male C57BL/6 mice
(Charles River Labs) were fed CDAHFD (n = 6) consisting of 60 kcal% fatand 0.1%
methionine by weight (A06071302; Research Diets) for 14 wk. Another group of
gender and age-matched mice were fed SC for 14 wk.

MR Imaging. Animals were anesthetized with isoflurane (1 to 2%) and placed in
a specially designed cradle with body temperature maintained at 37 °C. Inhaled
isoflurane level was adjusted to maintain a respiration rate of 60 = 5 breaths per
minute.The tail vein was cannulated for intravenous delivery of the corresponding
probe while the animal was positioned in the scanner. Imaging was performed at
4.7Tusing a small bore animal scanner with a custom-built volume coil. A series
of baseline images [3D T;-weighted fast low angle shot MRI (FLASH)] were first
acquired (repetition time/echo time = 15/2 ms; flip angle, 30%; field of view, 48
x 30 mm?; matrix size, 136 x 136; slice thickness, 0.25 mm:; acquisition time,
3 min 20 s), then a bolus of molecular probe was administered intravenously
and imaging was performed for a period of 35 min postinjection by repeating
3D T, -weighted FLASH sequences. Following the imaging session, animals were
killed (40 min postinjection) and liver tissues were subjected to histopathologic
analysis.

MRI Data Analysis. A region of interest (ROI) was manually traced encompass-
ing the liver parenchyma while avoiding major blood vessels. A second ROl was
placed on the dorsal muscle visible in the same image slice to quantify the sig-
nal intensity in the muscle for comparison. Seven ROIs were placed in the field
of view without any tissue (air) to measure the variation in background signal.
The same analysis was performed on the preinjection and 35 min postinjection
images acquired with the FLASH sequence. Image visualization and quantification
were performed in Horos software. Contrast-to-noise ratio (CNR) was calculated
by subtracting the signal intensity (SI) in the muscle from that in the liver and
normalizing to the SD of the signal in the air outside the animal, Eq. 2. Changes
in contrast-to-noise ratio CNR were calculated by subtracting the CNR,, from
CNR,oq EG. 3.

CNR = (Slliver - Slmusde) /D, (2]
ACNR = CNRPDSt - CNRpre' [3]

Histopathology Procedures. After imaging, the mice were killed under
anesthesia, and the liver tissues were collected. A piece of the left lobe of the
liver was immediately fixed in 4% buffered paraformaldehyde, dehydrated,
embedded in paraffin, and then sectioned into 5-pm-thick slices for stain-
ing with Sirius red, hematoxylin and eosin (H&E), and Prussian Blue (Abcam,
ab150674). Another piece of left lobe was quickly frozen in liquid nitrogen
for hydroxyproline analysis, which was quantified by a reported HPLC analy-
sis method (43). The hydroxyproline in liver was then expressed as amounts
per wet weight of tissue. The collagen proportional area (CPA), defined as
the percentage of the area stained positive by Sirius red, was measured with
ImageJ (Fiji, version 1.0) as previously described (28). For NASH study, H&E
sections were evaluated and morphometric quantitation of hepatic steatosis,
expressed as percentage of lipid vacuolization, was performed using ImageJ
(Fiji, version 1.0).

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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