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ABSTRACT: Diagnostic medical imaging utilizes magnetic
resonance (MR) to provide anatomical, functional, and molecular
information in a single scan. Nanoparticles are often labeled with
Gd(III) complexes to amplify the MR signal of contrast agents
(CAs) with large payloads and high proton relaxation efficiencies
(relaxivity, r1). This study examined the MR performance of two
structurally unique cages, AaLS-13 and OP, labeled with Gd(III).
The cages have characteristics relevant for the development of
theranostic platforms, including (i) well-defined structure,
symmetry, and size; (ii) the amenability to extensive engineering;
(iii) the adjustable loading of therapeutically relevant cargo
molecules; (iv) high physical stability; and (v) facile manufacturing
by microbial fermentation. The resulting conjugates showed significantly enhanced proton relaxivity (r1 = 11−18 mM−1 s−1 at 1.4 T)
compared to the Gd(III) complex alone (r1 = 4 mM−1 s−1). Serum phantom images revealed 107% and 57% contrast enhancements
for Gd(III)-labeled AaLS-13 and OP cages, respectively. Moreover, proton nuclear magnetic relaxation dispersion (1H NMRD)
profiles showed maximum relaxivity values of 50 mM−1 s−1. Best-fit analyses of the 1H NMRD profiles attributed the high relaxivity
of the Gd(III)-labeled cages to the slow molecular tumbling of the conjugates and restricted local motion of the conjugated Gd(III)
complex.
KEYWORDS: nonviral protein cages, magnetic resonance imaging, gadolinium, magnetism, NMRD

1. INTRODUCTION
Magnetic resonance (MR) imaging is an attractive modality for
medical diagnostic imaging because of its unlimited depth
penetration, excellent spatiotemporal resolution, and safety
profile that does not require ionizing radiation or radiotracers.
Furthermore, MR provides unparalleled native soft tissue
contrast with highly detailed anatomical information based on
inherent tissue differences arising from proton density,
perfusion and diffusion, and biomolecule content.1,2 Admin-
istration of contrast agents (CAs) with paramagnetic metal
ions greatly enhances tissue contrast by shortening the
longitudinal (T1) and transverse (T2) relaxation times of
protons on local water molecules. In addition, CAs can be
designed to report on biomarkers for molecular imaging
applications, enabling the correlation of molecular information
with tissue structures in a single scan.

Clinical MR imaging often utilizes trivalent gadolinium
(Gd(III)) based CAs for T1-weighted images, where short T1
values correspond to a bright MR signal.3 The efficiency with
which a CA influences the water proton T1 is the relaxivity
(r1), defined by eq 1. The observed longitudinal relaxation rate
constant in the presence of CA (1/T1

obs) comprises a
background diamagnetic component (T1

o) and a paramagnetic

component consisting of r1 and the concentration of Gd(III) in
the CA ([Gd(III)]).
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Clinically approved small molecule Gd(III) CAs typically
have r1 ∼ 4 mM−1 s−1 at clinical MR field strengths (0.2−3 T),
where a local concentration of over 100 μM CA is required to
induce a detectable change in T1 over a biological back-
ground.4−6 However, it is difficult for small molecule CAs to
reach these local concentrations through biomarker targeting
because most biomarkers of interest are expressed at
micromolar to picomolar concentrations.7 Thus, signal
amplification strategies are needed to bridge the gap between
biomarker expression and the MR detection limit.
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Nanoparticles (NPs) provide an attractive platform for MR
imaging with several advantages over their small molecule
counterparts, as they can (1) carry a high Gd(III) payload; (2)
improve relaxivity per Gd(III) at clinically relevant field
strengths; (3) incorporate targeting groups and therapeutic
cargo; and (4) extend circulation lifetimes, offering a means to
tune biodistribution. The first two points are signal
amplification strategies that increase the paramagnetic
contribution to the observed MR signal (eq 1). The second,
increasing relaxivity, also enhances the safety profile by
requiring lower dosing concentrations of Gd(III).8 Concerns
about toxicity related to Gd(III)-based CAs, such as
nephrogenic systemic fibrosis (NSF) and Gd(III) deposition
in organs, arise primarily from free Gd(III) ions that dissociate
from their ligand due to poor kinetic stability. Thus, kinetically
stable Gd(III) complexes with macrocyclic ligands have been
used clinically in over 500 million MR scans worldwide with
only 1 severe adverse event per 40,000 injections.3,8 Gd(III)-
labeled NPs further mitigate toxicity issues by having lower
dosing concentrations than required for molecular Gd(III)
complexes.

Several types of NPs have been investigated for MR signal
amplification as Gd(III)-labeled conjugates,9 including gold
NPs,10−17 carbon nanodiamonds,18 metal−organic frame-
works,19 liposomes,20,21 dendrimers,22−28 polymers,29−31 mi-
celles,32−35 and hydrogels.36,37 Of the parameters that govern
r1 (eqs 1 and 2), conjugating Gd(III) complexes to NPs most
strongly influences the rotational correlation time (τR, eq 3) to
achieve what is called a “τR boost” in relaxivity at clinical field
strengths. A brief discussion of MR physics is required to
understand the origin of this τR boost.

The relaxation processes of nuclear spins (i.e., T1 of water
protons) can be enhanced through magnetic dipole−dipole
interactions with unpaired electrons in paramagnetic metals.
The strength of this interaction depends on the spin of the
paramagnetic metal, the distance between nuclear and
electronic spins, and the precession frequencies of nuclear
and electronic spins. The high spin state (S = 7/2) and long
electronic relaxation time (T1e ∼ 10−9 s at clinical field
strengths) of Gd(III) make it an excellent candidate to
influence water protons for MR imaging. The highest
contribution to r1 comes from water molecules directly
coordinated to Gd(III) with a mean residence time τm and
exchange with bulk water (eq 2). While r1 is directly
proportional to the number of water molecules bound to
Gd(III) (q), increasing q can lead to poor kinetic ligand
stability, which would lead to the release of Gd(III) ions from
the ligand.4

The dipolar longitudinal relaxation time (T1m) originates
from the modulation of the magnetic dipole−dipole inter-
action between electron and proton spins. The time constant
of this modulation known as the rotational correlation time
(τc), is determined by the fastest parameter among T1e, τR, and
τm (eq 3). Relaxivity approaches the theoretical maximum
value when the inverse correlation time (τc

−1) matches the
Larmor frequency (ωI) of water protons. This is when the
coupling of the electronic and nuclear spins is most efficient. At
clinically relevant field strengths, the fast τR values (10−10 s to
10−12 s) of small molecule Gd(III) CAs determine τc and limit
relaxivity. Tethering Gd(III) complexes to macromolecules
results in a slower τR that does not determine τc, allowing
relaxivity to approach theoretical maximum values (the τR
boost).
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The extended circulation lifetimes of NPs and their
amenability to modification also make them attractive cargo
delivery vehicles. Many NPs can also serve as theranostic
agents, carrying both diagnostic agents and therapeutic drugs,
to monitor the drug’s efficacy noninvasively and in real
time.38−41 NPs can be further modified to control their
biodistribution and for targeted delivery of a therapeutic drug
or molecular imaging of a biomarker, depending on the nature
of the cargo. Finally, the extended circulation lifetimes of
Gd(III)-labeled NPs compared to small molecule Gd(III)
complexes increases bioavailability and potential for cellular
uptake.3,4,42 Although NPs provide many benefits for Gd(III)-
based MR CAs, concerns with the safety profile of synthetic
and inorganic NPs have motivated the search for platforms
made from biocompatible materials.

Nanoscale compartments formed by self-assembling proteins
are a promising class of NP for achieving MR signal
amplification. These protein cages are biodegradable and
readily produced recombinantly from bacterial or mammalian
cell cultures. Furthermore, the cages assemble with high
efficiency and fidelity into monodisperse particles amenable to
characterization at the molecular scale not afforded by many
other NP materials.43 Protein cages have been investigated as
high-relaxivity agents due to their diversity in terms of shape,
size, valency, and the ability to modify both the exterior and
interior surfaces.43 These high relaxivity agents can be broadly
grouped into three main categories based on design: (1)
binding of Gd(III) ion at endogenous44 or genetically
engineered45,46 metal binding sites, (2) noncovalent loading
of Gd(III) complexes as cargo, and (3) covalent conjugation of
Gd(III) complexes to protein cages.45,47−58 The third
approach is attractive for developing theranostic platforms as
it allows the cage to be optimized for therapeutic cargo while
maintaining an ability to covalently bind Gd(III) complexes.

Two structurally distinct engineered protein cages, AaLS-13
and OP, are excellent candidates for the development of NP
platforms for MR imaging. AaLS-13 is an evolved variant of the
cage-forming enzyme lumazine synthase from Aquifex aeolicus.
AaLS-13 self-assembles from 360 monomer proteins into 38
nm icosahedrally symmetric cages (Figure 1a).59−61 Owing to
its negatively supercharged interior and large keyhole-shaped
surface pores, AaLS-13 encapsulates positively charged cargo at
rates approaching the diffusion limit.62,63 Additionally, the
surface-exposed termini of AaLS-13 offer further functionaliza-
tion opportunities, which have already been exploited to
display antibodies64 or for enzymatic labeling.65−67

OP, in contrast, is a smaller (∼13 nm diameter), 24-subunit,
octahedrally symmetric cage, which derives from the computa-
tionally designed O3−33 cage (Figure 1b).68 Positive charges
were introduced by mutating six lumenal residues in the
starting scaffold to arginine, enabling efficient encapsulation of
negatively charged cargo, such as oligonucleotides69 and
anionic surfactants.70 Therapeutically relevant guests, like
siRNA and drug-loaded micelles, have been successfully
delivered to cells using OP, substantially improving the
potency of the active ingredients. These properties make it a
promising molecular delivery vehicle.71
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AaLS-13 and OP cages have been applied as delivery
vehicles for proteins, oligonucleotides, and small molecules.
Conjugating DOTA-based Gd(III) complexes to these tunable
cages provides an opportunity to develop nonviral theranostic
platforms. To this end, we have covalently linked Gd(III)
complexes to the interior and exterior of AaLS-13 and OP
cages and assessed how these modifications influence the MR
signal. Relaxivity measurements of Gd(III)-labeled proteins
show substantial signal amplification with high Gd(III)
payloads per cage as well as high relaxivity. In addition to
the τR boost, the highly charged cage interior appears to
restrict Gd(III) complex mobility. Notably, because of the

significant signal amplification, these Gd(III)-protein con-
jugates provide detectable contrast enhancement at concen-
trations below those of common small molecule Gd(III)
complexes used in the clinic.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of Gd-C4-IA. The

Gd(III) complex Gd-C4-IA was designed using the macro-
cyclic cyclen scaffold of clinically approved CAs that exhibits
good kinetic stability. Gd-C4-IA was synthesized as described
in Figure 2, with characterization data for compounds 1−4
(Scheme S1) provided in Figures S1−S23. Literature
conditions were followed to prepare tri-tBu 2,2′,2″-(1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (tBuDO3A) and
benzyl acrylate.51,72,73 Benzyl acrylate served as the foundation
for the functional arm that was later used to covalently link Gd-
C4-IA to the protein cages. tBuDO3A and benzyl acrylate were
reacted via an aza-Michael addition. The functional arm was
deprotected by Pd/C hydrogenation and reacted with tBu-(4-
aminobutyl)carbamate. Acidic conditions were used to
perform a global deprotection of all tBu groups, followed by
metalation with GdCl3. The Gd-C4-NH2 intermediate was
purified by high-performance liquid chromatography (HPLC)
(Figure S24a), and then reacted with iodoacetic anhydride to
give Gd-C4-IA, which was purified by HPLC (Figure S24b).
2.2. Preparation of Protein Variants. Wild-type (wt)

AaLS possesses one buried cysteine (Cys37) per monomer
with negligible reactivity.62 Functionalization of wt AaLS using
thiol-reactive species requires introducing additional surface
exposed cysteine residues.74 In contrast, AaLS-13 contains two
additional cysteine residues (Cys52 and Cys127) per
monomer that were introduced during evolution. Although
Cys52 is buried, Cys127 is located on the lumenal surface and
can be exploited for thiol-mediated labeling (Figure 3a, left).

OP possesses two cysteines per monomer (Cys108 and
Cys136) that form a buried disulfide. To provide specific
reactive handles for Gd-C4-IA conjugation, cysteine mutations
were introduced at surface exposed, inner loop positions that

Figure 1. Engineered AaLS-13 and OP protein cages. Surface
representation of (a) AaLS-13 (PDB 5MQ7) and (b) OP (PDB
6FDB) cages. AaLS-13 assembles into 38 nm spherical cages,
possessing a negatively supercharged interior, from 72 pentameric
subunits. OP forms ∼13 nm positively supercharged cubic cages from
eight trimeric capsomers.

Figure 2. Synthetic scheme for Gd-C4-IA. (i) tBuDO3A (1 equiv), benzyl acrylate (2 equiv), DIEA (5.9 equiv), MeCN, N2 (g), RT, 47%; (ii) 1 (1
equiv), Pd/C (catalyst), MeOH, H2 (g), RT, 27%; (iii) 2 (1 equiv), tBu (4-aminobutyl)carbamate (1.5 equiv), NHS (3 equiv), DIEA (5 equiv),
DIC (5 equiv), DMF, N2 (g), RT, quantitative yield; (iv) 3 (1 equiv), TFA, CH2Cl2, N2 (g), RT, crude; (v) 4 (1 equiv), GdCl3·6H2O (1.3 equiv),
H2O, N2 (g), RT, 34% over 2 steps; (vi) Gd-C4−NH2 (1 equiv), iodoacetic anhydride (3 equiv), K2CO3 (3 equiv), DMF, N2 (g), 0 °C, 20%.
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were previously shown to be mutable.69 The three variants,
OP-1intC (S38C), OP-2intC (S38C, R103C), and OP-3intC
(S38C, R66C, R103C), provide 24, 48, or 72 reactive sites per
multimeric assembly on the lumenal surface, respectively. An
additional variant, OP-1extC, which presents 24 cysteine
residues on the exterior surface of each cage, was designed
by mutating the surface exposed lysine at position 93 to
cysteine (K93C) (Figure 3a, right).
2.3. Conjugation of Gd(III) Complex with Protein

Cages. The Gd-C4-IA complex was conjugated to the protein
cages by alkylation of the cysteine thiols in the protein cages
with the iodoacetamide group in Gd-C4-IA (Figure 3b).
Modification was performed by mixing AaLS-13 or the OP
cages with 2 equiv of Gd-C4-IA per reactive thiol and
incubating for 4.5 h at room temperature in the dark.
Unreacted Gd-C4-IA was removed through desalting columns
and the Gd-C4-protein conjugates were isolated by size
exclusion chromatography (SEC, Figure S27). The AaLS-13
and OP cages remain intact after labeling with Gd-C4-IA
(Figure 3c,d).

The concentration of Gd-C4-IA and protein in the purified
samples was determined by ICP-MS and UV−vis measure-
ments, respectively (Table S1, Figure S30). Labeling efficiency,
defined as the number of reactive sites per cage successfully
labeled with Gd-C4-IA, was measured to evaluate the ability of
the cages to carry a high payload of Gd(III) complex for MR
imaging (Table 1).

The porous nature of the cages enables efficient labeling of
reactive sites positioned on the lumenal surface (41−47% for
AaLS-13, OP-3intC, OP-2intC, and OP-1intC). Labeling
efficiency is even higher for reactive sites positioned on the
exterior surface (60% for OP-1extC). These labeling efficiencies
are in the range of previously reported values.62,74

Furthermore, the Gd(III)-labeled cages were shown to be
stable for several months by MS analysis (Figures S28, S29).
2.4. MR Signal Amplification Revealed through

Relaxivity Measurements. Relaxivity measurements for
Gd-C4-IA and the Gd-C4-protein conjugates were performed
at a clinically relevant low field strength (1.4 T, Figure S31)
and at a higher field strength (7 T, Figures S31−S38) used for
high-resolution imaging. The results are reported in Table 2
and Table S2. Increasing the field strength of MR instruments
improves the signal-to-noise ratio (SNR) and spatial
resolution, and also shortens acquisition times.75,76 The ionic
relaxivity (r1,ionic) values are normalized per millimolar Gd(III)
to identify the structure that imparts the best MR physics
properties, whereas the particle relaxivity (r1,particle, Eq. S1)
accounts for the number of Gd(III) complexes per particle as
well as r1,ionic.

Gd-C4-IA was studied in sodium phosphate buffer (50 mM
sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA)
and Tris buffer (25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM
EDTA). The ionic relaxivity of Gd-C4-IA behaved as expected
for a small molecule Gd(III) complex, with values of 4.1−4.2
mM−1 s−1 at 1.4 T and 37 °C, and decreased to 2.6 and 3.2

Figure 3. Thiol-mediated functionalization of AaLS-13 and OP and transmission electron microscopy (TEM) images of AaLS-13 and OP-3intC. (a)
Transparent surface of a pentamer used to construct an AaLS-13 cage (left) and a trimer used to construct OP (right). Monomers are shown as
gray ribbons. Targeted cysteine residue on AaLS-13 (Cys127) and positions on OP targeted for cysteine mutations (Ser38, Arg66, and Arg103) are
highlighted as yellow spheres. (b) Representations of Gd(III) labeling the cysteine reactive sites. TEM images of (c) AaLS-13 and (d) OP-3intC
cages, unmodified (left) or labeled with Gd-complexes (right). Scale bar is equal to 50 nm.

Table 1. Labeling of Protein Cages with Gd(III) Complexes

sample name
labelinga

(complexes/cage)
reactive
sites

labeling efficiency
(%)

Gd-AaLS-13 149 ± 12 360 41
Gd-OP-3intC 33 ± 7 72 46
Gd-OP-2intC 23 ± 1 48 47
Gd-OP-1intC 11 ± 1 24 46
Gd-OP-1extC 14 ± 2 24 60
aStandard deviation accounts for variations across biological
replicates.
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mM−1 s−1 at 7 T and 25 °C (Table 2). These values are
consistent those observed for q = 1 Gd(III) complexes.

As expected, higher r1,ionic values were measured for the Gd-
C4-protein conjugates compared to Gd-C4-IA at both field
strengths due to the τR boost (Table 2), with a stronger τR
boost observed at the lower field strength (1.4 T, 37 °C). For
Gd-AaLS-13, r1,ionic increased from ∼4 to 18.3 mM−1 s−1, while
conjugation to the OP cages increased r1,ionic to 11−18 mM−1

s−1. At 7 T and 25 °C, a smaller τR boost was also observed,
with r1,ionic increasing from ∼3 mM−1 s−1 to 5−8 mM−1 s−1 for
the Gd(III)-C4-protein conjugates. Interestingly, the protein
cages labeled with Gd(III) on the lumenal surface (Gd-AaLS-
13, Gd-OP-3intC, Gd-OP-2intC, and Gd-OP-1intC) showed
higher r1,ionic values than Gd-OP-1extC with Gd(III) labeled on
the external surface at the low field strength conditions (1.4 T
and 37 °C). This trend is also observed under the high field
strength conditions (7 T and 25 °C), except for Gd-OP-1intC,
which shows an r1,ionic lower than but comparable to that of
Gd-OP-1extC.

The ionic relaxivities measured here are comparable to other
Gd(III)-labeled protein cages, which show relaxivities of 10−
60 mM−1 s−1, depending on experimental conditions, particle
size, and location of the Gd(III) complex.47,48,50−55,57,58

Notably, previous studies of Gd(III)-labeled wt AaLS cages
showed ionic relaxivities of 30−60 mM−1 s−1 at 1.4 T and 37
°C and 16 mM−1 s−1 at 7 T and 25 °C.52,58 Gd(III) complexes
in the interior of MS viral capsids similarly had higher ionic
relaxivities than Gd(III) complexes on the cage exterior,48

likely due to the restricted flexibility of Gd(III) complexes at
the cage interior compared to their counterparts at the exterior
surface.49

In order to determine the cause of the differences in r1,ionic
between the small molecule Gd-C4-IA and the Gd-C4-protein
conjugates, and among the Gd(III)-labeled cages, the
relaxation mechanisms were investigated with nuclear magnetic
relaxation dispersion (NMRD) profiles.
2.5. Relaxation Mechanistic Details Obtained from 1H

Nuclear Magnetic Relaxation Dispersion Profiles. Gen-
eral Description of Methodology. 1H NMRD profiles are
routinely used to study relaxation mechanisms of paramagnetic
complexes and nanomaterials.77 This technique measures the
relaxation rate constants of water protons across a range of
magnetic field strengths (0.0002−1 T). Fitting NMRD data to
relaxation theory models reveals mechanistic information

about paramagnetic complexes.77 The low field portion of
the NMRD profiles (0.0001−0.1 T) are fit using a modified
Florence NMRD program,78−80 which accounts for the
presence of static zero-field splitting (ZFS) of Gd(III) which
primarily affects low field relaxivity. The high field region of the
profile (0.1−1 T) is not affected by static ZFS and can thus be
interpreted using the so-called SBM model requiring fewer
parameters.81

Water 1H NMRD profiles for Gd-C4-IA and the Gd-C4-
protein conjugates were collected at 25 and 37 °C in sodium
phosphate (Gd-C4-IA and Gd-AaLS-13) and Tris (Gd-C4-IA
and OP) buffers, and the normalized relaxivities per millimolar
Gd(III) (r1,ionic) are shown in Figure 4. These best fit profiles
(Figure 4, solid versus dotted lines) were obtained using the
parameters reported in Table 5 and Tables S4−S6.

τR Boost of the Gd-C4-Protein Conjugates Yields High
Relaxivity. The profiles of Gd-C4-IA in both buffers look as
expected for a small molecule Gd(III) complex with q = 1
(Figure 4).77 The relaxivities of the Gd(III)-labeled protein
cages are much larger than that of Gd-C4-IA, showcasing
successful signal amplification with a maximum r1,ionic of 20−50
mM−1 s−1 (Table 3). In the case of the Gd(III)-labeled OP
cages, the ionic relaxivities of cages with Gd(III) on the
lumenal surface (Gd-OP-3intC, Gd-OP-2intC, and Gd-OP-
1intC) are higher than cages with Gd(III) on the external
surface (Gd-OP-1extC) (Figure 4b). Furthermore, the ionic
relaxivity of the lumenally labeled cages progressively increases
with increasing number of Gd(III) complexes per cage from
Gd-OP-1intC to Gd-OP-2intC to Gd- OP-3intC. These results
are consistent with the ionic relaxivity at 1.4 and 7 T (Table 2).

The shapes of the Gd(III)-labeled cage profiles (Figure 4)
are relatively similar, with the appearance of peaks in the high
field region (∼0.5 T) indicating a field dependence of τc that
originates from the field dependence of T1e. Thus, the other
field independent parameters in eq 3 (τR and τm) must be
longer than T1e. On the other hand, the absence of this peak
for the Gd-C4-IA profiles (Figure 4) demonstrates that
relaxivity of the Gd(III) complex is limited by a τc determined
by a fast τR.

Very few Gd(III)-labeled protein cages have been studied by
1H NMRD, including Gd(III)-polymer covalently attached to
the interior of protein cages50,55 and Gd(III)-labeled MS2 viral
capsids.49 The Gd(III)-labeled MS2 system is comparable to
Gd(III)-labeled AaLS-13 and OP cages studied here, with a
peak appearing in the high field region (∼0.7 T) with
maximum relaxivity values of 30−40 mM−1 s−1.49

Water Exchange Rate Does Not Limit the τR Boost. The
profiles in Figure 4 show a significant decrease in ionic
relaxivity with increasing temperature across the whole range
of field strengths. This temperature dependence indicates that
τm < T1m (eq 2), i.e., that the coordinated water molecule is in
the fast exchange regime. Under these conditions, the water
lifetime (τm) is in the range of 10−8 to 10−7 s (Tables S5 and
S6) and does not limit the correlation time (τm > T1e).
Gd(III)-labeled MS2 capsids have also been reported to
possess water molecules in the fast exchange regime, observed
by the temperature dependence of 1H NMRD profiles.43 A
long τR, and a lifetime τm longer than T1e but shorter than T1m
(τR> T1m> τm> T1e) represent ideal conditions for maximizing
relaxivity.
Two Correlation Times Contribute to the Relaxation

Mechanism. The best fit analysis of the profiles indicates that
two different correlation times must contribute to the

Table 2. Relaxivity Measurements of Gd-C4-IA and Gd(III)-
Labeled Protein Cages at 1.4 and 7 Ta

1.4 T at 37 °C 7 T at 25 °C

sample name
r1,ionic

(mM−1 s−1)
r1,particle

(mM−1 s−1)
r1,ionic

(mM−1 s−1)
r1,particle

(mM−1 s−1)

Gd-C4-IAb 4.2 N/A 2.6 N/A
Gd-C4-IAc 4.1 N/A 3.2 N/A
Gd-AaLS-13b 18.3 2727 8.0 1192
Gd-OP-3intC

c 15.9 525 5.3 175
Gd-OP-2intC

c 18.0 419 5.4 124
Gd-OP-1intC

c 15.0 165 4.6 51
Gd-OP-1extC

c 11.2 157 4.9 69
aRelaxation times (T1) were measured with error of <5%, while
standard deviations of [Gd(III)] were determined by ICP-MS of
triplicate samples. bRelaxivity data in 50 mM sodium phosphate (pH
8.0), 200 mM NaCl, 5 mM EDTA. cRelaxivity data in 25 mM Tris
(pH 7.6), 200 mM NaCl, 5 mM EDTA.
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modulation of the dipole−dipole interaction between Gd(III)
and water proton spins for all Gd(III)-labeled protein cages.
These two correlation times are modeled using the Lipari-
Szabo model-free approach,82 with an S2 parameter providing
the weight of the slower correlation time (τc1 from eq 4 and 1
− S2 as the weight for the faster correlation time (τc2 from eq
5), where τl is the correlation time of the faster local mobility
(Table 4).

= + + +
T

1 1 1 1 1

c1 R m 1e i (4)

= + + + +
T

1 1 1 1 1 1

c2 R m 1e i l (5)

In both buffers, Gd-C4-IA exhibits τR values of tens of
picoseconds (Table S4), as expected for a fast-tumbling small
molecule.77,83 On the other hand, both Gd(III)-labeled AaLS-
13 and OP proteins show similar high-field τc1 values on the
nanosecond time scale, despite their different sizes (Table 4).
These values are orders of magnitude smaller than the overall
tumbling times of the protein cages (τR) as indicated by the
relaxation profiles of the diamagnetic proteins (Table S3,
Figure S39), and are also smaller than τm (10−8 to 10−7 s,
Tables S5 and S6). Thus, this time value should be determined
by an intermediate correlation time (τi) that is slower than the
fast local mobility correlation time (τl) and faster than the
global correlation time (τR). The τl values on the picosecond to
nanosecond time scale (Table 4) suggest that considerable
flexibility of the Gd(III) tag allows for extensive reorientation
of the Gd(III) complex.

The different ionic relaxivity values among the Gd-C4-
protein conjugates are ascribed to the different values of the τi
and τl parameters. The lower relaxivity of Gd-OP-1extC
compared toGd-OP-1intC can be ascribed to somewhat smaller
τi values than those observed for Gd-OP-2intC, Gd-OP-3intC,
and Gd-AaLS-13. For the protein cages with Gd(III)
complexes on the lumenal surface, the ionic relaxivity increases
with increasing number of Gd(III) complexes from Gd-OP-
1intC to Gd-OP-2intC to Gd-OP-3intC. This is due to a τl that
increases with the number of Gd(III) complexes in the interior
of the protein cage from tens of picoseconds for Gd-OP-1intC
to a few nanoseconds for Gd-OP-3intC. This effect cannot be
related to magnetic coupling between Gd(III) ions, which
would rather decrease relaxivity. A relatively long τl of a few
nanoseconds is also obtained for Gd-AaLS-13.

As previously mentioned, a study of Gd(III) complexes
conjugated to either the interior or exterior surface of an MS2
viral capsid showed higher relaxivities for the interior
conjugation strategy.43 A best fit analysis of the 1H NMRD
profiles also used the Liparis Szabo model-free approach to
model the anisotropic molecular reorientation time. In this
case, the Gd(III) complexes on the exterior surface showed
higher local flexibility than for those on the interior surface
with τl values of 310 and 400 ps, respectively. The different
flexibility was attributed to the amino acid side chains used for
exterior (lysine) or interior (tyrosine) conjugation.49

Transient coordination of Gd(III) to nearby charged protein
residues may explain τi and τm time scales in the AaLS-13 and

Figure 4. 1H relaxivity profiles of Gd-C4-IA and Gd(III)-labeled
protein cages. (a) Gd-C4-IA and Gd-AaLS-13 in sodium phosphate
(pH 8.0) buffer at 25 °C and 37 °C. (b) Gd-C4-IA, Gd-OP-3intC, Gd-
OP-2intC, Gd-OP-1intC, and Gd-OP-1extC in Tris (pH 7.6) buffer at
25 °C and 37 °C. Solid and dotted lines are the best fit profiles at 25
and 37 °C, respectively, obtained with the parameters reported in
Table 3 and Tables S4−S6.

Table 3. Maximum Ionic Relaxivity for Gd-C4-IA and the
Gd-C4-Protein Conjugates

sample name Max r1,ionic at 25 °C Max r1,ionic at 37 °C
Gd-C4-IAa,c 10 7.5
Gd-C4-IAb,c 10 7.5
Gd-AaLS-13a,d 35 27.5
Gd-OP-3intC

b,d 48 40
Gd-OP-2intC

b,d 37.5 30
Gd-OP-1intC

b,d 32.5 28
Gd-OP-1extC

b,d 20 15
aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM
NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200
mM NaCl, 5 mM EDTA. cRelaxivity values at <0.02 T. dRelaxivity
values at 0.5 T.
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OP cages. Although the nature of the obtained τi values and
the origin of the long τl values are not fully clear, the overall
lengthening of the correlation times to values in the
nanosecond time scale make these systems interesting as MR
CAs. Correlation times of a few nanoseconds are in fact
optimal for maximizing the relaxivity at clinical field strengths.

The time scale of τi corresponds to conformational flexibility
of protein regions that substantially reorient the dipole−dipole
interaction between Gd(III) and water protons. However, this
seems unlikely due to the relatively rigid nature of the
multimeric assembly. Rather, we speculate that the high
flexibility of the Gd(III) complexes may allow for transient
coordination of the Gd(III) ion by nearby protein residues on
the nanosecond time scale. The OP cages have several
negatively charged residues (Asp and Glu) near the Gd(III)
binding sites that could interact with Gd(III) (Figure S26).
Furthermore, increasing the number of Gd(III) complexes
inside the OP cage replaces positively charged Arg residues
with Cys residues that are covalently linked to Gd-C4-IA,
decreasing the overall positive charge of the capsid interior and
resulting in increased crowding that potentially favors the
bending of the complexes toward these residues. This would
explain the unexpected increase of τl from Gd-OP-1intC to Gd-
OP-2intC to Gd-OP-3intC such that τl approaches the longer
correlation time τi as interior space for mobility is reduced.

Similarly, for Gd-AaLS-13, the large number of negatively
charged residues (Asp and Glu) that line the interior capsid
surface could favor transient coordination of protein residues
to Gd(III) ions (Figure S26), reducing the tag mobility (τl) to
a value similar to Gd-OP-2intC despite the larger interior space
(Table 4). The proposed transient coordination might also
facilitate exchange of coordinated water molecules on a time
scale that is typical for small Gd(III) complexes (τm = 10−7 to
10−8 s, Tables S5 and S6), but is a remarkable result for
Gd(III)-labeled proteins.
2.6. Solution Phantom Images. MR phantom images

were used to quantify the ability of Gd-C4-protein conjugates
to increase MR image contrast under mock biological
conditions. Based on particle relaxivity (Table 2) and 1H
NMRD profiles (Figure 4), Gd-AaLS-13 and Gd-OP-3intC
were chosen for study at clinically relevant 3 T as well as high
fields 7 and 9.4 T. The Gd-C4-protein conjugates were
incubated in 10% fetal bovine serum (FBS) in sodium
phosphate (pH 8.0) or Tris (pH 7.6) buffers. The stability
of the AaLS-13 and OP cages was previously demonstrated in
both human serum and FBS,64,69 allowing the phantom image
measurements to be performed in FBS.

The longitudinal relaxation rate constant (R1 = 1/T1) was
measured for each sample (Figures S41−S43) and compared
to a control solution to determine contrast enhancement (Eq.
S3). Samples were prepared at 67 μM Gd-AaLS-13 and 20 μM

Table 4. Selected 1H NMRD Parameters to Describe Molecular Reorientation

Gd-AaLS-13a Gd-OP-3intC
b Gd-OP-2intC

b Gd-OP-1intC
b Gd-OP-1extC

b

25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C
τi (ns) 5.2 3.5 3.7 3.3 4.0 3.2 4.3 3.3 1.8 1.1
τl (ns) 540 250 1800 480 320 98 68 38 78 28
S2 0.28 0.46 0.39 0.36 0.36

aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200 mM NaCl, 5
mM EDTA.

Figure 5. T1-weighted MR solution phantom images of (a) Gd-AaLS-13 and (b) Gd-OP-3intC at 3, 7, and 9.4 T. (a) Control sample of 10% FBS in
50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. The Gd-AaLS-13 sample was prepared at 67 μM with respect to monomer, and
Gd(III) concentration was measured by ICP-MS. (b) Control sample of 10% FBS in 25 mM Tris-HCl (pH 7.6), 200 mM NaCl, 5 mM EDTA. The
Gd-OP-3intC sample was prepared at 20 μM with respect to monomer, and Gd(III) concentration was measured by ICP-MS. 1Values at 3 T were
measured using a dual gradient echo method with two different flip angles. 2Values at 7 and 9.4 T were obtained using a saturation recovery
method.
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Gd-OP-3intC with respect to the monomer, with Gd(III)
concentrations measured by ICP-MS as 31.9 μM and 31.3 μM
Gd(III), respectively. At 3 T, Gd-AaLS-13 increased R1 by
107%, while Gd-OP-3intC increased R1 by 57%. At high field
strengths of 7 and 9.4 T, Gd-AaLS-13 increased R1 by 41% and
34%, respectively, whereas Gd-OP-3intC increased R1 by 53%
and 46%, respectively (Figure 5).

In clinical MR exams, a detectable change in contrast
requires an approximately 20% increase in R1.

4,5 At all field
strengths, the Gd-C4-protein conjugates show appreciable
contrast enhancement (%ΔR1) relative to control conditions
with 30 μM Gd(III). Considering that clinically approved
Gd(III) agents require a local concentration of 125 μM of
Gd(III) for detectable contrast enhancement, both Gd-AaLS-
13 and Gd-OP-3intC show excellent contrast enhancement at
four times lower Gd(III) concentration at all field strengths,
but most notably at clinically relevant 3 T with 107% and 57%
for Gd-AaLS-13 and Gd-OP-3intC, respectively. Lower
concentrations of Gd-OP-3intC (12.5 μM monomer, 23.2 μM
Gd(III)) still showed detectable contrast enhancement at 7
and 9.4 T at 32% and 27%, respectively (Figures S44, S45).

These results show that Gd-AaLS-13 and Gd-OP-3intC are
promising candidates for in vivo MR imaging. However, the
immunogenicity of protein-based delivery systems presents a
potential limitation for biological applications, especially if
multiple administrations are required. Since MR imaging
would likely require only a single injection of a contrast agent,
there is less concern about immunogenicity. Moreover,
appending antibody binding domains to the surface of AaLS-
13 was shown to mitigate the immune response.64 Other
strategies to passivate the surface of protein scaffolds and
extend the circulation times of the resulting cages have been
described.43

3. CONCLUSIONS
Our results demonstrate the ability of Gd(III)-labeled AaLS-13
and OP protein cages to function as highly effective MR
contrast agents. We have investigated these newly labeled cages
by 1H NMRD to elucidate the parameters governing relaxivity.
The MR performance of the protein cages can be summarized
in four key results. (i) MR signal amplification was achieved
through both a high payload of Gd(III) in each protein cage
and increased relaxivity over the Gd(III) complex Gd-C4-IA.
The Gd-C4-protein conjugates were labeled with 150 or 33
Gd(III) complexes for Gd-AaLS-13 and Gd-OP-3intC,
respectively. The ionic relaxivity of the Gd(III)-labeled cages
was increased 2.5- to 4.5-fold from Gd-C4-IA.

(ii) The increase in ionic relaxivity resulted from the τR
boost common for Gd(III)-labeled NPs. Furthermore, this
increase was not limited by the water exchange rate, which is in
the fast exchange regime. (iii) The long τl values of tens to
thousands of picoseconds and τm of 10−100 ns likely result
from transient coordination of Gd(III) to charged protein
residues near the covalently bound Gd(III) complex. This
would also explain the increase in ionic relaxivity in the series
Gd-OP-1intC to Gd-OP-2intC to Gd-OP-3intC. Steric crowding
slows τl and favors transient Gd(III) interactions with nearby
charged residues.

Finally, (iv) the parameters responsible for nuclear
relaxation are optimized for high relaxivity at clinical field
strengths, with coordinated water molecules in the fast
exchange regime and correlation times on the nanosecond
time scale. The serum phantom images at 3 T showcase this

result with contrast enhancements of 57% or 107% for only 30
μM Gd(III) of Gd-AaLS-13 and Gd-OP-3intC, respectively.

The MR performance of Gd(III)-labeled AaLS-13 and OP
cages is comparable to other previously studied Gd(III)-
labeled proteins. The ionic relaxivity values at 1.4 and 7 T for
Gd(III)-labeled AaLS-13 and OP compared with previously
studied Gd(III)-labeled protein cages (10−18 mM−1 s−1 vs
10−60 mM−1 s−1).45,47−55,57,58 Only two previously studied
protein cages report higher ionic relaxivity values than what is
reported here (e.g., 60 mM−1 s−1).52,54 The differences in
relaxivities reported for the Gd(III)-labeled cages likely arise
from the different sizes and structures of the protein cages and
the flexibility of the Gd(III) complex that is covalently bound
to the protein cage.53

The high relaxivity of Gd(III)-protein conjugates results
from the low flexibility of the covalently bound Gd(III)
complex (τl), so decreasing τl could result in even higher ionic
relaxivity. This could be accomplished through a Gd(III)
complex that employs a shorter, more rigid connecting arm,53

or by further increasing steric hindrance in the Gd(III)-labeled
protein cages as seen in the OP variants. For example, a new
variant OP-4intC would presumably show even higher relaxivity
than Gd-OP-1intC, Gd-OP-2intC, and Gd-OP-3intC. Alterna-
tively, the long correlation time (τi) could be slowed to
approach expected values for τR, even though the nature of τi is
currently not fully understood.

Gd(III)-labeled AaLS-13 and OP protein cages represent
excellent platforms for a variety of MR imaging applications.
The pharmacokinetics of Gd(III)-labeled cages can be studied
by in vivo MR fate mapping or ex vivo biodistribution.
Alternatively, these versatile cages can be modified to
incorporate surface modifications that alter biodistribution
and/or bind specific cell surface receptors for targeted
molecular imaging and theranostic platforms.

4. EXPERIMENTAL METHODS
Details of experimental methods are included in the Supporting
Information. No unexpected or unusually high safety hazards were
encountered.
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ETH Zurich, Zürich 8093, Switzerland; orcid.org/0000-
0003-4228-0875

Thomas G. W. Edwardson − Laboratory of Organic
Chemistry, ETH Zurich, Zürich 8093, Switzerland;
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and the Swiss National Science Foundation is also gratefully
acknowledged.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Metal analysis was performed with help from R. Sponenburg at
the Northwestern University (NU) Quantitative Bioelement
Imaging Center (QBIC), generously supported by the NIH
under grant no. S10OD020118. MR imaging was performed
with help from E. Waters at the NU Center for Advanced

Molecular Imaging (CAMI) generously supported by NCI
CCSG award no. P30CA060553 and from T. Parish at the NU
Center for Translational Imaging (CTI). This work made use
of the NU IMSERC MS and NMR facilities, which have
received support from the NSF Soft and Hybrid Nano-
technology Experimental (SHyNE) Resource award no.
ECCS-2025633, and NU. NMRD data acquisition and analysis
was performed with the support of the PRIN 2017A2KEPL
project “Rationally designed nanogels embedding paramag-
netic ions as MRI. probes”, and the European Commision
through H2020 FET-Open project HIRES-MULTIDYN
award no. 899683 and H2020 INFRAIA iNEXT-Discovery
(Structural Biology Research Infrastructures for Translational
Research and Discovery award no. 871037.

■ ABBREVIATIONS
CAs, contrast agents; CH2Cl2, dichloromethane; DIC,
diisopropylcarbodiimide; DIEA, diisopropylethylamine; DMF,
dimethylformamide; DOTA, 1,4,7,11-tetraazacyclododecane;
EDTA, ethylenediaminetetraacetic acid; equiv, equivalent;
FBS, fetal bovine serum; GdCl3·6H2O, gadolinium(III)
chloride hexahydrate; 1H, proton; H2, dihydrogen gas; H2O,
water; K2CO3, potassium carbonate; MeCN, acetonitrile; MR,
magnetic resonance; MQ, miili-Q direct water purification
system; NaCl, sodium chloride; NHS, N-hydroxysuccinimide;
NMRD, nuclear magnetic relaxation dispersion; N2, dinitrogen
gas; NP, nanoparticle; Pd/C, palladium on carbon catalyst;
RT, room temperature; SBM, Solomon-Bloembergen-Morgan;
SNR, signal-to-noise ratio; tBu, tertiary butyl; Tris, tris-
(hydroxymethyl)aminomethane; tBuDO3A, tri-tBu 2,2′,2″-
(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate; TFA, tri-
fluoroacetic acid; wt, wild type; ZFS, zero-field splitting

■ REFERENCES
(1) Currie, S.; Hoggard, N.; Craven, I. J.; Hadjivassiliou, M.;

Wilkinson, I. D. Understanding MRI: basic MR physics for physicians.
Postgrad Med. J. 2013, 89 (1050), 209−223.
(2) Jaffer, F. A.; Weissleder, R. Molecular imaging in the clinical

arena. JAMA 2005, 293 (7), 855−862.
(3) Wahsner, J.; Gale, E. M.; Rodriguez-Rodriguez, A.; Caravan, P.

Chemistry of MRI Contrast Agents: Current Challenges and New
Frontiers. Chem. Rev. 2019, 119 (2), 957−1057.
(4) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R. B.

Gadolinium(III) Chelates as MRI Contrast Agents: Structure,
Dynamics, and Applications. Chem. Rev. 1999, 99 (9), 2293−2352.
(5) Caravan, P. Strategies for increasing the sensitivity of gadolinium

based MRI contrast agents. Chem. Soc. Rev. 2006, 35 (6), 512−523.
(6) James, M. L.; Gambhir, S. S. A molecular imaging primer:

modalities, imaging agents, and applications. Physiol Rev. 2012, 92
(2), 897−965.
(7) Xue, S.; Qiao, J.; Jiang, J.; Hubbard, K.; White, N.; Wei, L.; Li, S.;

Liu, Z. R.; Yang, J. J. Design of ProCAs (protein-based Gd(3+) MRI
contrast agents) with high dose efficiency and capability for molecular
imaging of cancer biomarkers. Med. Res. Rev. 2014, 34 (5), 1070−
1099.
(8) Runge, V. M. Critical Questions Regarding Gadolinium

Deposition in the Brain and Body After Injections of the
Gadolinium-Based Contrast Agents, Safety, and Clinical Recommen-
dations in Consideration of the EMA’s Pharmacovigilance and Risk
Assessment Committee Recommendation for Suspension of the
Marketing Authorizations for 4 Linear Agents. Invest Radiol 2017, 52
(6), 317−323.
(9) Botta, M.; Tei, L. Relaxivity Enhancement in Macromolecular

and Nanosized GdIII-Based MRI Contrast Agents. Eur. J. Inorg. Chem.
2012, 2012, 1945−1960.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

I

https://orcid.org/0000-0001-5550-4028
https://orcid.org/0000-0001-5550-4028
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikail+D.+Levasseur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4228-0875
https://orcid.org/0000-0003-4228-0875
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+G.+W.+Edwardson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8661-8036
https://orcid.org/0000-0001-8661-8036
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Caldwell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8636-0706
https://orcid.org/0000-0002-8636-0706
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+Hofmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Licciardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Parigi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1989-4644
https://orcid.org/0000-0002-1989-4644
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Luchinat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00892?ref=pdf
https://doi.org/10.1136/postgradmedj-2012-131342
https://doi.org/10.1001/jama.293.7.855
https://doi.org/10.1001/jama.293.7.855
https://doi.org/10.1021/acs.chemrev.8b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980440x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980440x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b510982p
https://doi.org/10.1039/b510982p
https://doi.org/10.1152/physrev.00049.2010
https://doi.org/10.1152/physrev.00049.2010
https://doi.org/10.1002/med.21313
https://doi.org/10.1002/med.21313
https://doi.org/10.1002/med.21313
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1097/RLI.0000000000000374
https://doi.org/10.1002/ejic.201101305
https://doi.org/10.1002/ejic.201101305
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(10) Vistain, L. F.; Rotz, M. W.; Rathore, R.; Preslar, A. T.; Meade,
T. J. Targeted delivery of gold nanoparticle contrast agents for
reporting gene detection by magnetic resonance imaging. Chem.
Commun. 2016, 52 (1), 160−163.
(11) Bruckman, M. A.; Yu, X.; Steinmetz, N. F. Engineering Gd-

loaded nanoparticles to enhance MRI sensitivity via T(1) shortening.
Nanotechnology 2013, 24 (46), 462001.
(12) Holbrook, R. J.; Rammohan, N.; Rotz, M. W.; MacRenaris, K.

W.; Preslar, A. T.; Meade, T. J. Gd(III)-Dithiolane Gold Nano-
particles for T1-Weighted Magnetic Resonance Imaging of the
Pancreas. Nano Lett. 2016, 16 (5), 3202−3209.
(13) Nicholls, F. J.; Rotz, M. W.; Ghuman, H.; MacRenaris, K. W.;

Meade, T. J.; Modo, M. DNA-gadolinium-gold nanoparticles for in
vivo T1MR imaging of transplanted human neural stem cells.
Biomaterials 2016, 77, 291−306.
(14) Rammohan, N.; Holbrook, R. J.; Rotz, M. W.; MacRenaris, K.

W.; Preslar, A. T.; Carney, C. E.; Reichova, V.; Meade, T. J. Gd(III)-
Gold Nanoconjugates Provide Remarkable Cell Labeling for High
Field Magnetic Resonance Imaging. Bioconjug Chem. 2017, 28 (1),
153−160.
(15) Rotz, M. W.; Culver, K. S.; Parigi, G.; MacRenaris, K. W.;

Luchinat, C.; Odom, T. W.; Meade, T. J. High relaxivity Gd(III)-
DNA gold nanostars: investigation of shape effects on proton
relaxation. ACS Nano 2015, 9 (3), 3385−3396.
(16) Song, Y.; Xu, X.; MacRenaris, K. W.; Zhang, X. Q.; Mirkin, C.

A.; Meade, T. J. Multimodal gadolinium-enriched DNA-gold
nanoparticle conjugates for cellular imaging. Angew. Chem., Int. Ed.
Engl. 2009, 48 (48), 9143−9147.
(17) Rotz, M. W.; Holbrook, R. J.; MacRenaris, K. W.; Meade, T. J.

A Markedly Improved Synthetic Approach for the Preparation of
Multifunctional Au-DNA Nanoparticle Conjugates Modified with
Optical and MR Imaging Probes. Bioconjug Chem. 2018, 29 (11),
3544−3549.
(18) Rammohan, N.; MacRenaris, K. W.; Moore, L. K.; Parigi, G.;

Mastarone, D. J.; Manus, L. M.; Lilley, L. M.; Preslar, A. T.; Waters, E.
A.; Filicko, A.; et al. Nanodiamond-Gadolinium(III) Aggregates for
Tracking Cancer Growth In Vivo at High Field. Nano Lett. 2016, 16
(12), 7551−7564.
(19) McLeod, S. M.; Robison, L.; Parigi, G.; Olszewski, A.; Drout, R.

J.; Gong, X.; Islamoglu, T.; Luchinat, C.; Farha, O. K.; Meade, T. J.
Maximizing Magnetic Resonance Contrast in Gd(III) Nanoconju-
gates: Investigation of Proton Relaxation in Zirconium Metal-Organic
Frameworks. ACS Appl. Mater. Interfaces 2020, 12 (37), 41157−
41166.
(20) Strijkers, G. J.; Mulder, W. J.; van Heeswijk, R. B.; Frederik, P.

M.; Bomans, P.; Magusin, P. C.; Nicolay, K. Relaxivity of liposomal
paramagnetic MRI contrast agents. MAGMA 2005, 18 (4), 186−192.
(21) Gambino, G.; Tei, L.; Carniato, F.; Botta, M. Amphiphilic

Ditopic Bis-Aqua Gd-AAZTA-like Complexes Enhance Relaxivity of
Lipidic MRI Nanoprobes. Chem. Asian J. 2016, 11 (15), 2139−2143.
(22) Kobayashi, H.; Brechbiel, M. W. Nano-sized MRI contrast

agents with dendrimer cores. Adv. Drug Deliv Rev. 2005, 57 (15),
2271−2286.
(23) Barrett, T.; Kobayashi, H.; Brechbiel, M.; Choyke, P. L.

Macromolecular MRI contrast agents for imaging tumor angiogenesis.
Eur. J. Radiol 2006, 60 (3), 353−366.
(24) Pierre, V. C.; Botta, M.; Raymond, K. N. Dendrimeric

gadolinium chelate with fast water exchange and high relaxivity at high
magnetic field strength. J. Am. Chem. Soc. 2005, 127 (2), 504−505.
(25) Nazemi, A.; Gillies, E. R. Dendritic surface functionlization of

nanomaterials: controlling properties and functions for biomedical
applications. Braz J. Pharm. Sci. 2013, 49, 15−32.
(26) Klemm, P. J.; Floyd, W. C., 3rd; Andolina, C. M.; Frechet, J.

M.; Raymond, K. N. Conjugation to Biocompatible Dendrimers
Increases Lanthanide T2 Relaxivity of Hydroxypyridinone (HOPO)
Complexes for Magnetic Resonance Imaging (MRI). Eur. J. Inorg.
Chem. 2012, 2012 (12), 2108−2114.
(27) Klemm, P. J.; Floyd, W. C., 3rd; Smiles, D. E.; Frechet, J. M.;

Raymond, K. N. Improving T(1) and T(2) magnetic resonance

imaging contrast agents through the conjugation of an esteramide
dendrimer to high-water-coordination Gd(III) hydroxypyridinone
complexes. Contrast Media Mol. Imaging 2012, 7 (1), 95−99.
(28) Nicolle, G. M.; Toth, E.; Schmitt-Willich, H.; Raduchel, B.;

Merbach, A. E. The impact of rigidity and water exchange on the
relaxivity of a dendritic MRI contrast agent. Chem.�Eur. J. 2002, 8
(5), 1040−1048.
(29) Matthews, S. E.; Pouton, C. W.; Threadgill, M. D.

Macromolecular systems for chemotherapy and magnetic resonance
imaging. Adv. Drug Deliver Rev. 1996, 18 (2), 219−267.
(30) Allen, M. J.; Raines, R. T.; Kiessling, L. L. Contrast agents for

magnetic resonance imaging synthesized with ring-opening metathesis
polymerization. J. Am. Chem. Soc. 2006, 128 (20), 6534−6535.
(31) Soleimani, A.; Martinez, F.; Economopoulos, V.; Foster, P. J.;

Scholl, T. J.; Gillies, E. R. Polymer cross-linking: a nanogel approach
to enhancing the relaxivity of MRI contrast agents. J. Mater. Chem. B
2013, 1 (7), 1027−1034.
(32) Nicolle, G. M.; Toth, E.; Eisenwiener, K. P.; Macke, H. R.;

Merbach, A. E. From monomers to micelles: investigation of the
parameters influencing proton relaxivity. J. Biol. Inorg. Chem. 2002, 7
(7−8), 757−769.
(33) Millan, J. G.; Brasch, M.; Anaya-Plaza, E.; de la Escosura, A.;

Velders, A. H.; Reinhoudt, D. N.; Torres, T.; Koay, M. S.;
Cornelissen, J. J. Self-assembly triggered by self-assembly: optically
active, paramagnetic micelles encapsulated in protein cage nano-
particles. J. Inorg. Biochem 2014, 136, 140−146.
(34) Briley-Saebo, K. C.; Geninatti-Crich, S.; Cormode, D. P.;

Barazza, A.; Mulder, W. J. M.; Chen, W.; Giovenzana, G. B.; Fisher, E.
A.; Aime, S.; Fayad, Z. A. High-Relaxivity Gadolinium-Modified High-
Density Lipoproteins as Magnetic Resonance Imaging Contrast
Agents. J. Phys. Chem. B 2009, 113, 6283−6289.
(35) Babic,̌ A.; Vorobiev, V.; Trefalt, G.; Crowe, L. A.; Helm, L.;

Vallée, J.-P.; Allémann, E. MRI micelles self-assembled from synthetic
gadolinium-based nano building blocks. Chem. Commun. 2019, 55
(7), 945−948.
(36) Carniato, F.; Ricci, M.; Tei, L.; Garello, F.; Terreno, E.; Ravera,

E.; Parigi, G.; Luchinat, C.; Botta, M. High Relaxivity with No
Coordinated Waters: A Seemingly Paradoxical Behavior of [Gd-
(DOTP)](5-) Embedded in Nanogels. Inorg. Chem. 2022, 61 (13),
5380−5387.
(37) Carniato, F.; Tei, L.; Botta, M.; Ravera, E.; Fragai, M.; Parigi,

G.; Luchinat, C. (1)H NMR Relaxometric Study of Chitosan-Based
Nanogels Containing Mono- and Bis-Hydrated Gd(III) Chelates:
Clues for MRI Probes of Improved Sensitivity. ACS Appl. Bio Mater.
2020, 3 (12), 9065−9072.
(38) Janib, S. M.; Moses, A. S.; MacKay, J. A. Imaging and drug

delivery using theranostic nanoparticles. Adv. Drug Deliver Rev. 2010,
62, 1052−1063.
(39) Jokerst, J. V.; Gambhir, S. S. Molecular imaging with

theranostic nanoparticles. Acc. Chem. Res. 2011, 44 (10), 1050−1060.
(40) Ma, X.; Zhao, Y.; Liang, X. J. Theranostic nanoparticles

engineered for clinic and pharmaceutics. Acc. Chem. Res. 2011, 44
(10), 1114−1122.
(41) Ryu, J. H.; Lee, S.; Son, S.; Kim, S. H.; Leary, J. F.; Choi, K.;

Kwon, I. C. Theranostic nanoparticles for future personalized
medicine. J. Controlled Release 2014, 190, 477−484.
(42) Soo Choi, H.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P; Itty

Ipe, B.; Bawendi, M. G; Frangioni, J. V Renal clearance of quantum
dots. Nat. Biotechnol. 2007, 25 (10), 1165−1170.
(43) Edwardson, T. G. W.; Levasseur, M. D.; Tetter, S.; Steinauer,

A.; Hori, M.; Hilvert, D. Protein Cages: From Fundamentals to
Advanced Applications. Chem. Rev. 2022, 122 (9), 9145−9197.
(44) Allen, M.; Bulte, J. W.; Liepold, L.; Basu, G.; Zywicke, H. A.;

Frank, J. A.; Young, M.; Douglas, T. Paramagnetic viral nanoparticles
as potential high-relaxivity magnetic resonance contrast agents. Magn
Reson Med. 2005, 54 (4), 807−812.
(45) Liepold, L.; Anderson, S.; Willits, D.; Oltrogge, L.; Frank, J. A.;

Douglas, T.; Young, M. Viral capsids as MRI contrast agents. Magn
Reson Med. 2007, 58 (5), 871−879.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1039/C5CC06565H
https://doi.org/10.1039/C5CC06565H
https://doi.org/10.1088/0957-4484/24/46/462001
https://doi.org/10.1088/0957-4484/24/46/462001
https://doi.org/10.1021/acs.nanolett.6b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2015.11.021
https://doi.org/10.1016/j.biomaterials.2015.11.021
https://doi.org/10.1021/acs.bioconjchem.6b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5070953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5070953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5070953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200904666
https://doi.org/10.1002/anie.200904666
https://doi.org/10.1021/acs.bioconjchem.8b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.8b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.8b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b03378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b03378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10334-005-0111-y
https://doi.org/10.1007/s10334-005-0111-y
https://doi.org/10.1002/asia.201600669
https://doi.org/10.1002/asia.201600669
https://doi.org/10.1002/asia.201600669
https://doi.org/10.1016/j.addr.2005.09.016
https://doi.org/10.1016/j.addr.2005.09.016
https://doi.org/10.1016/j.ejrad.2006.06.025
https://doi.org/10.1021/ja045263y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045263y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045263y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1590/S1984-82502013000700003
https://doi.org/10.1590/S1984-82502013000700003
https://doi.org/10.1590/S1984-82502013000700003
https://doi.org/10.1002/ejic.201101167
https://doi.org/10.1002/ejic.201101167
https://doi.org/10.1002/ejic.201101167
https://doi.org/10.1002/cmmi.483
https://doi.org/10.1002/cmmi.483
https://doi.org/10.1002/cmmi.483
https://doi.org/10.1002/cmmi.483
https://doi.org/10.1002/1521-3765(20020301)8:5<1040::AID-CHEM1040>3.0.CO;2-D
https://doi.org/10.1002/1521-3765(20020301)8:5<1040::AID-CHEM1040>3.0.CO;2-D
https://doi.org/10.1016/0169-409X(95)00098-R
https://doi.org/10.1016/0169-409X(95)00098-R
https://doi.org/10.1021/ja061383p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061383p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061383p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C2TB00352J
https://doi.org/10.1039/C2TB00352J
https://doi.org/10.1007/s00775-002-0353-3
https://doi.org/10.1007/s00775-002-0353-3
https://doi.org/10.1016/j.jinorgbio.2014.01.004
https://doi.org/10.1016/j.jinorgbio.2014.01.004
https://doi.org/10.1016/j.jinorgbio.2014.01.004
https://doi.org/10.1021/jp8108286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8108286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8108286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC08875F
https://doi.org/10.1039/C8CC08875F
https://doi.org/10.1021/acs.inorgchem.2c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.0c01295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.0c01295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.0c01295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2010.08.004
https://doi.org/10.1016/j.addr.2010.08.004
https://doi.org/10.1021/ar200106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar2000056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar2000056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2014.04.027
https://doi.org/10.1016/j.jconrel.2014.04.027
https://doi.org/10.1038/nbt1340
https://doi.org/10.1038/nbt1340
https://doi.org/10.1021/acs.chemrev.1c00877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mrm.20614
https://doi.org/10.1002/mrm.20614
https://doi.org/10.1002/mrm.21307
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(46) Xue, S.; Yang, H.; Qiao, J.; Pu, F.; Jiang, J.; Hubbard, K.;
Hekmatyar, K.; Langley, J.; Salarian, M.; Long, R. C.; et al. Protein
MRI contrast agent with unprecedented metal selectivity and
sensitivity for liver cancer imaging. Proc. Natl. Acad. Sci. U. S. A.
2015, 112 (21), 6607−6612.
(47) Anderson, E. A.; Isaacman, S.; Peabody, D. S.; Wang, E. Y.;

Canary, J. W.; Kirshenbaum, K. Viral nanoparticles donning a
paramagnetic coat: conjugation of MRI contrast agents to the MS2
capsid. Nano Lett. 2006, 6 (6), 1160−1164.
(48) Hooker, J. M.; Datta, A.; Botta, M.; Raymond, K. N.; Francis,

M. B. Magnetic resonance contrast agents from viral capsid shells: a
comparison of exterior and interior cargo strategies. Nano Lett. 2007,
7 (8), 2207−2210.
(49) Datta, A.; Hooker, J. M.; Botta, M.; Francis, M. B.; Aime, S.;

Raymond, K. N. High relaxivity gadolinium hydroxypyridonate-viral
capsid conjugates: nanosized MRI contrast agents. J. Am. Chem. Soc.
2008, 130 (8), 2546−2552.
(50) Liepold, L. O.; Abedin, M. J.; Buckhouse, E. D.; Frank, J. A.;

Young, M. J.; Douglas, T. Supramolecular protein cage composite MR
contrast agents with extremely efficient relaxivity properties. Nano
Lett. 2009, 9 (12), 4520−4526.
(51) Prasuhn, D. E., Jr; Yeh, R. M.; Obenaus, A.; Manchester, M.;

Finn, M. G. Viral MRI contrast agents: coordination of Gd by native
virions and attachment of Gd complexes by azide-alkyne cyclo-
addition. Chem. Commun. 2007, No. 12, 1269−1271.
(52) Kim, H.; Jin, S.; Choi, H.; Kang, M.; Park, S. G.; Jun, H.; Cho,

H.; Kang, S. Target-switchable Gd(III)-DOTA/protein cage nano-
particle conjugates with multiple targeting affibody molecules as target
selective T1 contrast agents for high-field MRI. J. Controlled Release
2021, 335, 269−280.
(53) Garimella, P. D.; Datta, A.; Romanini, D. W.; Raymond, K. N.;

Francis, M. B. Multivalent, high-relaxivity MRI contrast agents using
rigid cysteine-reactive gadolinium complexes. J. Am. Chem. Soc. 2011,
133 (37), 14704−14709.
(54) Min, J.; Jung, H.; Shin, H. H.; Cho, G.; Cho, H.; Kang, S.

Implementation of P22 viral capsids as intravascular magnetic
resonance T1 contrast conjugates via site-selective attachment of
Gd(III)-chelating agents. Biomacromolecules 2013, 14 (7), 2332−
2339.
(55) Qazi, S.; Liepold, L. O.; Abedin, M. J.; Johnson, B.; Prevelige,

P.; Frank, J. A.; Douglas, T. P22 viral capsids as nanocomposite high-
relaxivity MRI contrast agents. Mol. Pharmaceutics 2013, 10 (1), 11−
17.
(56) Lucon, J.; Qazi, S.; Uchida, M.; Bedwell, G. J.; LaFrance, B.;

Prevelige, P. E., Jr; Douglas, T. Use of the interior cavity of the P22
capsid for site-specific initiation of atom-transfer radical polymer-
ization with high-density cargo loading. Nat. Chem. 2012, 4 (10),
781−788.
(57) Usselman, R. J.; Qazi, S.; Aggarwal, P.; Eaton, S. S.; Eaton, G.

R.; Russek, S.; Douglas, T. Gadolinium-Loaded Viral Capsids as
Magnetic Resonance Imaging Contrast Agents. Appl. Magn. Reson.
2015, 46 (3), 349−355.
(58) Song, Y.; Kang, Y. J.; Jung, H.; Kim, H.; Kang, S.; Cho, H.

Lumazine Synthase Protein Nanoparticle-Gd(III)-DOTA Conjugate
as a T1 contrast agent for high-field MRI. Sci. Rep 2015, 5, 15656.
(59) Seebeck, F. P.; Woycechowsky, K. J.; Zhuang, W.; Rabe, J. P.;

Hilvert, D. A simple tagging system for protein encapsulation. J. Am.
Chem. Soc. 2006, 128 (14), 4516−4517.
(60) Worsdorfer, B.; Woycechowsky, K. J.; Hilvert, D. Directed

evolution of a protein container. Science 2011, 331 (6017), 589−592.
(61) Sasaki, E.; Bohringer, D.; van de Waterbeemd, M.; Leibundgut,

M.; Zschoche, R.; Heck, A. J.; Ban, N.; Hilvert, D. Structure and
assembly of scalable porous protein cages. Nat. Commun. 2017, 8,
14663.
(62) Zschoche, R.; Hilvert, D. Diffusion-Limited Cargo Loading of

an Engineered Protein Container. J. Am. Chem. Soc. 2015, 137 (51),
16121−16132.

(63) Azuma, Y.; Zschoche, R.; Tinzl, M.; Hilvert, D. Quantitative
Packaging of Active Enzymes into a Protein Cage. Angew. Chem., Int.
Ed. Engl. 2016, 55 (4), 1531−1534.
(64) Levasseur, M. D.; Mantri, S.; Hayashi, T.; Reichenbach, M.;

Hehn, S.; Waeckerle-Men, Y.; Johansen, P.; Hilvert, D. Cell-Specific
Delivery Using an Engineered Protein Nanocage. ACS Chem. Biol.
2021, 16 (5), 838−843.
(65) Tytgat, H. L. P.; Lin, C. W.; Levasseur, M. D.; Tomek, M. B.;

Rutschmann, C.; Mock, J.; Liebscher, N.; Terasaka, N.; Azuma, Y.;
Wetter, M.; et al. Cytoplasmic glycoengineering enables biosynthesis
of nanoscale glycoprotein assemblies. Nat. Commun. 2019, 10 (1),
5403.
(66) Tang, T. M. S.; Cardella, D.; Lander, A. J.; Li, X.; Escudero, J.

S.; Tsai, Y. H.; Luk, L. Y. P. Use of an asparaginyl endopeptidase for
chemo-enzymatic peptide and protein labeling. Chem. Sci. 2020, 11
(23), 5881−5888.
(67) Levasseur, M. D.; Hofmann, R.; Edwardson, T. G. W.; Hehn,

S.; Thanaburakorn, M.; Bode, J. W.; Hilvert, D. Post-Assembly
Modification of Protein Cages by Ubc9-Mediated Lysine Acylation.
Chembiochem 2022, 23, e202200332.
(68) King, N. P.; Sheffler, W.; Sawaya, M. R.; Vollmar, B. S.; Sumida,

J. P.; Andre, I.; Gonen, T.; Yeates, T. O.; Baker, D. Computational
design of self-assembling protein nanomaterials with atomic level
accuracy. Science 2012, 336 (6085), 1171−1174.
(69) Edwardson, T. G. W.; Mori, T.; Hilvert, D. Rational

Engineering of a Designed Protein Cage for siRNA Delivery. J. Am.
Chem. Soc. 2018, 140 (33), 10439−10442.
(70) Edwardson, T. G. W.; Tetter, S.; Hilvert, D. Two-tier

supramolecular encapsulation of small molecules in a protein cage.
Nat. Commun. 2020, 11 (1), 5410.
(71) Edwardson, T. G. W.; Levasseur, M. D.; Hilvert, D. The OP

Protein Cage: A Versatile Molecular Delivery Platform. Chimia 2021,
75 (4), 323−328.
(72) Machitani, K.; Sakamoto, H.; Nakahara, Y.; Kimura, K.

Molecular design of tetraazamacrocyclic derivatives bearing a
spirobenzopyran and three carboxymethyl moeities and their metal-
ion complexing behavior. Anal. Sci. 2008, 24, 463−469.
(73) Chanthamath, S.; Takaki, S.; Shibatomi, K.; Iwasa, S. Highly

stereoselective cyclopropanation of alpha,beta-unsaturated carbonyl
compounds with methyl (diazoacetoxy)acetate catalyzed by a chiral
ruthenium(II) complex. Angew. Chem., Int. Ed. Engl. 2013, 52 (22),
5818−5821.
(74) Min, J.; Kim, S.; Lee, J.; Kang, S. Lumazine synthase protein

cage nanoparticles as modular delivery platforms for targeted drug
delivery. RSC Adv. 2014, 4 (89), 48596−48600.
(75) Caravan, P.; Farrar, C. T.; Frullano, L.; Uppal, R. Influence of

molecular parameters and increasing magnetic field strength on
relaxivity of gadolinium- and manganese-based T1 contrast agents.
Contrast Media Mol. Imaging 2009, 4 (2), 89−100.
(76) Vaughan, T.; DelaBarre, L.; Snyder, C.; Tian, J.; Akgun, C.;

Shrivastava, D.; Liu, W.; Olson, C.; Adriany, G.; Strupp, J.; et al. 9.4T
human MRI: preliminary results. Magn Reson Med. 2006, 56 (6),
1274−1282.
(77) Bertini, I.; Luchinat, C.; Parigi, G.; Ravera, E. Chapter 10 -

Relaxometry and contrast agents for MRI. In NMR of Paramagnetic
Molecules, second ed.; Bertini, I., Luchinat, C., Parigi, G., Ravera, E.,
Eds.; Elsevier, 2017; pp 313−345.
(78) Bertini, I.; Galas, O.; Luchinat, C.; Parigi, G. A Computer

Program for the Calculation of Paramagnetic Enhancements of
Nuclear-Relaxation Rates in Slowly Rotating Systems. J. Magn Reson
Ser. A 1995, 113, 151−158.
(79) Bertini, I.; Kowalewski, J.; Luchinat, C.; Nilsson, T.; Parigi, G.

Nuclear spin relaxation in paramagnetic complexes of S = 1: Electron
spin relaxation effects. J. Chem. Phys. 1999, 111, 5795−5807.
(80) Kowalewski, J.; Kruk, D.; Parigi, G.NMR Relaxation in Solution

of Paramagnetic Complexes: Recent Theoretical Progress for S ≥ 1.
In Advances in Inorganic Chemistry; Academic Press, 2005; Vol. 57, pp
41−104.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1073/pnas.1423021112
https://doi.org/10.1073/pnas.1423021112
https://doi.org/10.1073/pnas.1423021112
https://doi.org/10.1021/nl060378g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl060378g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl060378g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl070512c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl070512c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0765363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0765363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl902884p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl902884p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B615084E
https://doi.org/10.1039/B615084E
https://doi.org/10.1039/B615084E
https://doi.org/10.1016/j.jconrel.2021.05.029
https://doi.org/10.1016/j.jconrel.2021.05.029
https://doi.org/10.1016/j.jconrel.2021.05.029
https://doi.org/10.1021/ja204516p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204516p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm400461j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm400461j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm400461j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300208g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300208g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.1442
https://doi.org/10.1038/nchem.1442
https://doi.org/10.1038/nchem.1442
https://doi.org/10.1007/s00723-014-0639-y
https://doi.org/10.1007/s00723-014-0639-y
https://doi.org/10.1038/srep15656
https://doi.org/10.1038/srep15656
https://doi.org/10.1021/ja058363s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1199081
https://doi.org/10.1126/science.1199081
https://doi.org/10.1038/ncomms14663
https://doi.org/10.1038/ncomms14663
https://doi.org/10.1021/jacs.5b10588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201508414
https://doi.org/10.1002/anie.201508414
https://doi.org/10.1021/acschembio.1c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-13283-2
https://doi.org/10.1038/s41467-019-13283-2
https://doi.org/10.1039/D0SC02023K
https://doi.org/10.1039/D0SC02023K
https://doi.org/10.1002/cbic.202200332
https://doi.org/10.1002/cbic.202200332
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1021/jacs.8b06442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-19112-1
https://doi.org/10.1038/s41467-020-19112-1
https://doi.org/10.2533/chimia.2021.323
https://doi.org/10.2533/chimia.2021.323
https://doi.org/10.2116/analsci.24.463
https://doi.org/10.2116/analsci.24.463
https://doi.org/10.2116/analsci.24.463
https://doi.org/10.1002/anie.201300468
https://doi.org/10.1002/anie.201300468
https://doi.org/10.1002/anie.201300468
https://doi.org/10.1002/anie.201300468
https://doi.org/10.1039/C4RA10187A
https://doi.org/10.1039/C4RA10187A
https://doi.org/10.1039/C4RA10187A
https://doi.org/10.1002/cmmi.267
https://doi.org/10.1002/cmmi.267
https://doi.org/10.1002/cmmi.267
https://doi.org/10.1002/mrm.21073
https://doi.org/10.1002/mrm.21073
https://doi.org/10.1006/jmra.1995.1074
https://doi.org/10.1006/jmra.1995.1074
https://doi.org/10.1006/jmra.1995.1074
https://doi.org/10.1063/1.479876
https://doi.org/10.1063/1.479876
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(81) Parigi, G.; Ravera, E.; Fragai, M.; Luchinat, C. Unveiling
protein dynamics in solution with field-cycling NMR relaxometry.
Prog. Nucl. Magn. Reson. Spectrosc. 2021, 124−125, 85−98.
(82) Lipari, G.; Szabo, A. Model-free approach to the interpretation

of nuclear magnetic resonance relaxation in macromolecules. 1.
Theory and range of validity. J. Am. Chem. Soc. 1982, 104 (17),
4546−4559.
(83) Merbach, A. E.; Helm, L.; Tóth, É.The Chemisty of Contrast
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