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ABSTRACT: An activation mechanism based on encap-
sulated ultrasmall gadolinium oxide nanoparticles (Gd
oxide NPs) in bioresponsive polymer capsules capable of
triggered release in response to chemical markers of
disease (i.e., acidic pH, H,0,) is presented. Inside the
hydrophobic polymeric matrices, the Gd oxide NPs are
shielded from the aqueous environment, silencing their
ability to enhance water proton relaxation. Upon
disassembly of the polymeric particles, activation of
multiple contrast agents generates a strong positive

outer sphere relaxation rate contribution, from hydrogen
bonding of water molecules to the chelate and diffusion of
the water in its proximity, still active.

Herein, we report a novel strategy to effectively silence both
inner and outer sphere relaxation and activate a collective T
relaxation from a large number of Gd-based contrast agents in
response to specific biological events. The designed MRI agents
consist of ultrasmall gadolinium oxide nanoparticles (Gd oxide
NPs, mean diameter <5 nm),8 known to have the highest Gd
density of all paramagnetic contrast agents, encapsulated in
biodegradable polymer capsules capable of triggered release in
response to chemical markers of disease (Figure 1).” When

contrast enhancement of >1 order of magnitude.

C onventional magnetic resonance imaging (MRI) strat-

egies rely on contrast agents, such as the widely used
paramagnetic gadolinium ions (Gd*" ions), that are “always
on”, emitting constant signals regardless of their proximity or
interaction with target tissues, cells, or environmental markers
of diseases. As a result, the large volume of nonspecific signal
leads to a poor target-to-background signal ratio, making the
tissue or anatomical feature of interest more difficult to
distinguish. MRI contrast agents whose relaxivity (r,) may be
switched from OFF to ON in response to specific biological
stimuli should maximize signal from the target and minimize
signal from the background, which, in turn, improves sensitivity
and specificity.

Generally, most designs for activatable MRI contrast agents
involve converting biochemical activities (e.g, pH, redox
potential, presence of metal ions) to changes in longitudinal
r, of paramagnetic ions via the vacancy number in the inner
coordination sphere (hydration number)."> The strength of
any MRI activation strategy depends on both effectiveness of
quenching the paramagnetic relaxation of surrounding water
protons and the degree to which contrast agents’ relaxivity is
recovered upon activation. Previous designs for activatable
contrast agents present modest changes in r; upon activation
(50% change upon enzymatic activation,® 75% increase upon
Ca** addition and binding,* 4% increase in presence of
NADH,® 18% decrease upon interactions with H,0,,° and 3-
fold enhancement upon a decrease in pH),” as most of them
are unable to achieve effective silencing. These designs only
prohibit, through synthetic modification of the core chelate,
relaxation rate enhancement in the inner sphere (i.e., water
directly coordinated to paramagnetic center). This leaves the
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Figure 1. Schematic representation: Degradable polymer matrix
controls the interaction of water with the Gd oxide nanoparticles
(purple spheres).

trapped inside hydrophobic polymeric particles, the Gd oxide
NPs are shielded from the aqueous environment, resulting in
minimal water interaction and quenched T)-weighted signal
enhancement (Figure 1, “OFF” state). Upon release of the Gd
oxide NPs from the polymeric particles in the aqueous
environment, activation of multiple contrast agents generates
a strong positive contrast enhancement (Figure 1, “ON” state),
and the overall 7, is increased by >1 order of magnitude, which
corresponds, to the best of our knowledge, to the largest
change in relaxivity yet reported. To demonstrate the wide
applicability of this release and report concept, we tested this
activatable design with three polymers: the widely used
biodegradable polymer poly(lactic-co-glycolic acid) (PLGA)
and two stimuli-responsive polymeric materials capable of rapid
and specific triggered degradation upon a decrease in
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environmental pH or an increase in reactive oxygen species
(ROS) concentration, respectively.

Diethylene glycol (DEG)-coated Gd oxide NPs were
prepared by single step polyol synthesis, which consists of
direct precipitation of oxides in DEG following alkaline
hydrolzsis of gadolinium chloride (see Supporting Information
(S1)).*>€ This led to the formation of small nanocrystals with
diameters <5 nm, as seen by TEM (Figure S1). The DEG-
coated Gd oxide NPs can be readily functionalized with
hydrophilic capping agents such as PEG or coated with a silica
protecting layer on the NPs for enhanced biocompatibility in
cell culture or animal studies.*'° The proton longitudinal
relaxation rates (1/T;) as a function of Gd oxide NP
concentration in PBS buffer are shown in Figure S2. The plot
of A1/T; vs Gd concentration shows a linear relationship
according to AI/TI = 1/Tl,observed - 1/Tl,baseline = 7'1'[Gd:|,
where T jperved i the relaxation time in the presence of the
contrast agent, the baseline T time is obtained with the buffer
alone, r, is the longitudinal relaxivity, i.e., the slope of the curve,
and [Gd] is the Gd concentration. From the data found in
Figure S2, an r; value of 6.7 s'mM™' was calculated.
Nanosized materials of gadolinium oxide feature high fractions
of superficial Gd atoms, which can interact strongly with
neighboring water protons and provide high contrast enhance-
ment in MRI. Compared with most gadolinium chelates, Gd
oxide NPs induce a higher proton relaxivity (Gd-DTPA, 4.1
s“mM™Y; Gd-DOTA, 3.6 s 'mM™!).> Additionally, since
each nanoparticle is made of hundreds of active Gd** ions, the
resulting relaxivity per unit of contrast agent is hundreds of
times larger than that of molecular contrast agents.>*""

The magnetic relaxation activation concept was first
evaluated by encapsulating DEG-coated Gd oxide NPs in
commercially available PLGA (MW: 7—17 kDa) particles and
comparing relaxivity of intact particles to that of degraded
particles. Using an electrospray method (see SI for
experimental details), which consists of applying high voltage
to a polgmer solution to produce an aerosol stream of
particles,'* we reproducibly incorporated Gd oxide NPs in
spherical PLGA polymer capsules with an average diameter of
1.7 + 0.8 um (SEM, Figure 24; size distribution histogram,

Figure 2. (A) SEM and (B) TEM photographs of Gd oxide NP-loaded
PLGA particles.

Figure S3A). TEM of Gd oxide NP-loaded and empty PLGA
particles were compared (Figure S4). TEMs of loaded PLGA
particles (Figures 2B and S4B) revealed a large amount of
encapsulated Gd oxide NPs, appearing as regions of darker
contrast, which correspond to a loading of ~1% w/w or ~10°
encapsulated Gd oxide NPs per PLGA capsule, as derived by
ICP-AES. As predicted, when dispersed in a phosphate buffered
saline medium (PBS), the T, relaxation of the Gd oxide NPs
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encapsulated in PLGA particles was dramatically quenched, and
a low r; value of 0.7 s™*mM™' was calculated from the Gd
concentration-based T relaxation rate plot shown in Figure 3
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Figure 3. Dissolution of PLGA particles enhances relaxivity of
encapsulated Gd oxide NPs. Inverse spin—lattice (A1/T;) magnetic
relaxation measured before (black squares) and after dissolution (red
circles). Calculated relaxivities: 0.7 s"-mM™" inside PLGA particles;
6.7 s~-mM™" outside PLGA particles.

(black squares). Despite their hydrophilic character, the Gd
oxide NPs are well retained by the polymer matrix because of
their particulate size, a considerable advantage over other small
hydrophilic molecular Gd-based contrast agents like Gd-DTPA,
which were found in prior unpublished studies to leak rapidly
out of polymer particles during the washing steps that followed
particle formulation. Since complete hydrolysis of PLGA at pH
7.4 requires 60—120 days,"® sodium hydroxide (NaOH) was
added to raise the pH of the aqueous dispersion to 14, and the
mixture was allowed to react 12 h at 37 °C, completely
dissolving the particles. Following dissolution, the pH was
brought back to neutral using potassium dihydrogen phosphate,
and T; measurements were carried out on these polymer-free
suspensions. The longitudinal relaxation time was significantly
shortened; the Gd oxide NPs recovered their original r, value of
6.7 s-\mM™", corresponding to 9.6-fold signal activation. A
similar increase in 7| (7] ,ctivated/"1silenced = 9-1) Was observed for
DEG-coated Gd oxide NPs encapsulated in PLGA particles
following a 90 day incubation in PBS at 37 °C (Figure SS),
which validates these results. These changes in relaxivity likely
result entirely from shielding and deshielding of Gd oxide NPs,
as the diamagnetic contribution of the PLGA matrix to the
observed spin—lattice relaxation before and after degradation
was insignificant (Table S1). Similar results were also obtained
for the stimuli-responsive polymeric matrices used in later
experiments (see also Table S1).

The extracellular matrix of tumor sites and various ischemic
tissues are relatively acidic (pH ~ 6.5) due to tumor cells’ high
metabolic activity, which limits oxygen availability.'* Several
studies have demonstrated that acidic pH serves as a biomarker
of tumorigenesis and cancer treatment efficacy.”” Contrast
agents activated by low extracellular pH could maximize signal
from tumors and minimize background signal, improving
sensitivity and specificity of in vivo diagnostics. Toward this
goal, we encapsulated Gd oxide contrast agents in a pH-
degradable polymeric system, a poly-f-aminoester ketal
polymer that utilizes a logic gate pH response mechanism to
undergo rapid degradation at acidic pH (Figure S6, structure
and degradation steps).'® In the event of a decrease in pH, the
polymer backbone undergoes a sharp hydrophobic—hydrophilic
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switch through the protonation of its tertiary amines, which
leads to an increase in uptake of water and hence rapid
hydrolysis of the ketal moieties.

Encapsulation of Gd oxide NPs within pH-responsive
polymer particles by electrospray (dia.: 2.7 + 0.5 um, Figure
S3B and SI for particle formulation) resulted in deactivation of
their contrast enhancement properties with a mean Gd-based r,
value of 1.6 s™*mM ™. For the same concentration of Gd oxide
NPs, the T, relaxation appeared less affected by encapsulation
in this pH-degradable polymer than in PLGA. We surmise that
because the pH-degradable polymer is more hydrophilic than
PLGA, these particles are more permeable to water, resulting in
more activated contrast. To fully appreciate the effect of the
prompt degradation unique to this polymeric system, we
monitored T relaxation rates before and immediately after
lowering the pH to an acidic value (Figure 4). T, relaxation
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Figure 4. Magnetic relaxation of Gd oxide NPs encapsulated in pH-
degradable particles increases following a switch from neutral pH to
acidic conditions.

rates of silenced nanoprobes at pH 7.4 remained stable over 30
min (Figure 4, black squares), while changing the pH to 6.5
(extracellular pH of diseased tissue) caused burst degradation
of the particles apparent in solution within 1 min (Figure S7),
reflected by an instantaneous 4.2-fold increase in relaxivity,
which remained constant thereafter (Figure 4, black circles).
These results confirm rapid pH-dependent triggered release
and T, activation of these probes upon a decrease in pH. A
significant advantage of this rapidly degrading system is that it
minimizes the effect of diffusion of the contrast agents out of
particles on contrast enhancement, as many contrast agents are
activated simultaneously in the immediate vicinity of the
degraded particle. With slowly degrading polymers like PLGA,
contrast agents would have time to become distributed over a
larger area, leading to lower signal enhancement. These pH-
activatable probes relying on pH-triggered degradation of the
polymer matrix could be ideal candidates for in vivo diagnosis of
tumors and ischemic diseases.

This concept of collectively activating many MRI agents
simultaneously by encapsulation in on-demand degradable
polymers could work with polymers that degrade in response to
any biochemical signal (e.g, ions, ROS, glucose). We thus
combined our OFF to ON switching process w1th a H,0,-
degradable polymer previously published by our lab,"” creating
a H,0, MRI biosensor. H,0, is involved in the pathogenesis of
numerous diseases, such as atherosclerosis, Parkinson’s, and
Alzheimer’s dlsease, and is an important messenger in cellular
signal transduction.'® Detection of H,0, in complex blologlcal
environments still presents a substantial challenge.”” Most
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probes capable of directly detecting H,O, rely on changes in
fluorescence, and although they offer high spatial resolution, the
lower penetration depths associated with most fluorophores’
excitation/emission wavelengths greatly impede their suitability
for whole organ/body imaging. Molecular imaging with this
novel concept could offer a powerful approach for studying
H,0, accumulation and/or function in living systems with
unlimited penetration depth and enhanced spatial integrity due
to its activatable nature.

To validate this idea, we encapsulated Gd oxide NPs in a
polyester bearing boronic ester triggering groups that degrades
by quinone methide rearrangement upon exposure to HZO2
(see Figure S8 for structure and degradation mechanism)."’
Particles formulated from this polymer release their contents
upon exposure to H,O,; the degree of fragmentation and
release is dependent on the number of cleavage events, i.e.,
H,0, concentration. As with the two previously studied
polymeric matrices, encapsulation of Gd oxide NPs within
electrosprayed H,O,-responsive polymer particles (dia.: 0.6 +
0.3 pm, Figure S3C; see SI for particle formulation) effectively
quenched contrast enhancement, resulting in low relaxivity, i.e.,
0.5 s '-mM™". The resulting OFF-state sensors were very stable
over time, as magnetic relaxation rates did not change over S
days at physiological pH (Figure S9), which means that the
particles remain intact in the absence of H,0, activation (also
previously observed by de Gracia Lux et al).'” However,
increasing amounts of H,0, (0 — 100 mM) triggered
increasing degradation of the polymer, generating a corre-
sponding increase in T relaxation rates within 10 min (Figure
5). The maximum increase in r; was 11-fold, reinforcing the
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Figure S. An increasing concentration of H,0, generates a matching

increase in T relaxation rates of Gd oxide NPs encapsulated in H,O,-
responsive polymer.

appeal of using responsive polymeric particles encapsulating
multiple contrast agents to generate collective signal enhance-
ment upon release. To better understand the nature of the
activation, H,0,-degradable polymer particles encapsulating Gd
oxide NPs were examined by TEM before (0 h) and after
addition of H,0, (100 mM) at varying periods of incubation
(0.5—24 h, Figure S10). After 30 min of exposure to H,0,,
disruption of the pseudospherical morphology of the particles
could already be observed, whereas after 24 h only irregular
masses of aggregated material remained. The presence of
increasing numbers of free Gd oxide NPs and empty polymer
structures confirmed the gradual release of the Gd oxide
payload. Moreover, the number of total polymeric particles on
the TEM grids decreased over time, which is consistent with
polymer degradation into monomers and observations in
solution, as the particle suspension becomes clearer over
time. Interestingly, since we monitored a high signal after 10
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min incubation, which corresponds to only partial damage of
the particles’ integrity, we can assume that the observed
reactivation of the Gd contrast agents relies in this case mostly
on enhanced water access to Gd oxide NPs within the
polymeric vehicles. This is attributed to the nature of the
polymer’s degradation; few triggering events are needed to
render the carriers permeable to water. Used as it is, these
activatable imaging agents enabled rapid H,O, sensing with a
limit of detection of 6 mM. Note that the responsive polyester
polymer used in this study has been shown to degrade in
presence of biologically relevant H,O, concentration (50—100
uM). However, considerably slower degradation (~3 days)
ensued at these concentrations. Therefore, lower detection
limits could be obtained for the same composites but at the cost
of much longer reaction times.

In summary, a generalizable concept for creating highly
efficient activatable MRI contrast agents, adaptable to the
detection of multiple chemical species, has been described. The
general idea behind this OFF/ON MRI responsive behavior
consists of quenching both inner and outer sphere relaxation
effects of a large number of Gd-based contrast agents by
encapsulating them in hydrophobic polymer particles and
limiting water availability. By using responsive polymers
sensitive to various biochemical markers (ie, pH, ROS,
enzymes, etc.), a strong MRI contrast enhancement can be
activated upon triggered disassembly of the polymeric matrix
and release of the previously silenced Gd-based contrast agents
into the aqueous environment. We have demonstrated that this
concept applies to multiple polymeric materials, showing its
broad applicability. The high relaxivity enhancements empha-
size the remarkable advantage of using a hydrophobic polymer
matrix to encapsulate and silence multiple contrast agents at
once over the 1:1 activation strategy involved in most small-
molecule-based sensors.”™'*® As they respond with greater
changes in relaxivity than those previously reported, surpassing
an order of magnitude, these activatable agents have great
potential to monitor metabolic reactions and/or detect diseases
with better sensitivity and spatial integrity than what has been
achieved to date. Diagnostic applications, as well as cellular and
in vivo imaging, are currently being explored, as is the expansion
of our concepts to other responsive constructs.
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