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Alzheimer’s disease (AD) is an irreversible neurodegenerative dis-
order that has a progression that is closely associated with oxidative
stress. It has long been speculated that the reactive oxygen species
(ROS) level in AD brains is much higher than that in healthy brains.
However, evidence from living beings is scarce. Inspired by the
“chemistry of glow stick,” we designed a near-IR fluorescence (NIRF)
imaging probe, termed CRANAD-61, for sensing ROS to provide
evidence at micro- and macrolevels. In CRANAD-61, an oxalate moi-
ety was utilized to react with ROS and to consequentially produce
wavelength shifting. Our in vitro data showed that CRANAD-61 was
highly sensitive and rapidly responsive to various ROS. On reacting
with ROS, its excitation and emission wavelengths significantly
shifted to short wavelengths, and this shifting could be harnessed
for dual-color two-photon imaging and transformative NIRF imag-
ing. In this report, we showed that CRANAD-61 could be used to
identify “active” amyloid beta (Ap) plaques and cerebral amyloid
angiopathy (CAA) surrounded by high ROS levels with two-
photon imaging (microlevel) and to provide relative total ROS con-
centrations in AD brains via whole-brain NIRF imaging (macrolevel).
Lastly, we showed that age-related increases in ROS levels in AD
brains could be monitored with our NIRF imaging method. We be-
lieve that our imaging with CRANAD-61 could provide evidence of
ROS at micro- and macrolevels and could be used for monitoring
ROS changes under various AD pathological conditions and during
drug treatment.
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Izheimer’s disease (AD) is a terminal neurodegenerative

disease with no cure. The prevalent drug development
strategies, which are largely predicated on amyloid and tau hy-
potheses, have not been successful in delivering effective treatment
(1, 2). This strongly indicates that other factors, such as reactive
oxygen species (ROS), should also be taken into account in AD
drug development. AD is closely associated with oxidative stress,
and it has long been speculated that, in AD brains, the ROS levels
are significantly higher than in the healthy brains (3, 4). However,
evidence from living beings for this speculation is rare (5).

At the microlevel, amyloid beta (Ap) plaques and neurofibril-
lary tau tangles are the most pronounced and characteristic hall-
marks of AD (1). In the past decades, the toxicity degree of Ap
plaques has been heavily disputed (1, 6, 7). Several postmortem
studies suggest that the plaque abundance correlates poorly with
the severity of AD (8, 9). However, preclinical studies in cell and
animal models strongly assert that plaques still play important
roles in AD pathogenesis (10-13). Numerous studies suggest that
AP plaques are not static, but rather, they grow and expand dy-
namically throughout AD progression. Hyman and coworkers (11,
12) show that newly formed plaques can alter the curvature of
neurites and spine density. Bacskai and coworkers (13) show that
the plaques inhibit mitochondrial function and calcium homeostasis,
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which leads to rapid cell death in the vicinity of the plaques
because of oxidative stress. Grutzendler and coworkers (10)
show that plaques grow gradually over months, with slower
growth in older AD mice, and the degree of neuritic dystrophy
correlates with the speed and extent of plaque enlargement.
Remarkably, new plaques induce a disproportionately large area
of neuritic dystrophy. These results suggest that Ap plaques can
be categorized into “active” and “inactive/silent” plaques, and
this categorization could potentially provide more rational ex-
planations for the poor correlations between Ap plaque loading
and the severity of AD (8, 9). It is likely that active plaques could
serve as important biomarkers at the early/presymptomatic
stages of AD and could be a plausible therapeutic target for drug
development. However, imaging methods for differentiating ac-
tive and inactive plaques are currently absent.

The birth of Ap plaques is caused by high local concentrations
of Ap peptides (11), which accumulate as soluble ABs oligomers
and insoluble fibrils. The growth of the newly born plaques is
sustained by incoming soluble Afs, which are attracted to the site
and are further aggregated/cross-linked to expand the plaques
(10, 14). During the formation and growth of the plaques, nu-
merous ROS are generated; particularly, ROS are produced through
Fenton reaction of APs with metal ions during AP cross-linking
(15). The generated ROS can induce an overaccumulation of
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Fig. 1. Our design strategy for ROS-sensitive imaging probes. The designed
probe CRANAD-61, on reaction with ROS, produces a significant Em wave-
length shift, which can be used for identifying active plaques and CAAs via
dual-color two-photon microscopic imaging. The shifting can also lead to a
visible to invisible transformation in an NIR window (640-900 nm), as CRANAD-5,
the product of the ROS reaction, is invisible with an NIR camera. This trans-
formation could be harnessed for a whole-brain NIRF imaging to quantify the
total relative ROS concentrations in AD brains.

inflammatory cytokines, such as TNFa (16), which can further
attract microglia to encircle the plaques (14, 16, 17). The sur-
rounding microglia release more ROS and contribute to the
neuronal loss (17). Based on the above facts, it is plausible that
active plaques are surrounded by high concentrations of ROS,
which can be considered as a signature feature of active plaques,
and utilized to differentiate active plaques from inactive plaques.

At the macrolevel, the speculated high ROS levels in AD
brains are resulting not only from active plaques but also, from
other factors, such as forming of Aps oligomers and tau tangles,
neuroinflammation, microglia activation, and overaccumulation
of metal ions (15, 18). Although numerous methods have been
reported for ROS imaging of cells and peripheral targets (19—
34), in vivo imaging methods for ROS detection in brains, in-
cluding AD brains, are still lacking. In addition, imaging probes
that can be used for imaging ROS at both micro- and macro-
levels are in shortage as well.

In this report, inspired by the “chemistry of glow stick,” we
designed and validated that CRANAD-61, an oxalate-curcumin—
based near-IR fluorescence (NIRF) probe, could be used for
imaging ROS at both micro- and macrolevels in vivo via wave-
length shifting (Fig. 1). We first showed that, via dual-color two-
photon imaging, the spectral shifting of CRANAD-61 could be
used to identify active plaques and cerebral amyloid angiopathies
(CAAs) that are surrounded by high ROS concentrations and
that the ratiometric (long-/short-wavelength) readout could be
used for mapping the heterogeneity of the ROS concentration
around an AP plaque. In addition, we showed via whole-brain
NIRF imaging that CRANAD-61 could be used for reporting
relative ROS concentrations in AD brains and for monitoring
changes in ROS levels with aging in AD mouse brains.

Results

Design of the Imaging Probe CRANAD-61. Our probe design strategy
is different from conventional ROS probes, in which ROS has
been utilized to “turn-on” fluorescence for imaging/detection
(Table S1). Although those turn-on ROS probes are valuable
and have been widely used for cell and peripheral target imaging
(19-25, 27-34), they are limited to single-wavelength (single-
color) imaging, by which it is difficult to differentiate the imag-
ing signal before and after probe turning on, particularly for
microscopic imaging. Our approach is to design imaging probes
that can provide significant wavelength shift on ROS reaction
(Fig. 1). At the microscopic level, the shifting could be used for
dual-wavelength (dual-color) imaging on reacting with ROS. The
benefits of dual-color imaging include providing more confident
information, because the signal changes from both wavelengths/
channels are interlocked, and the imaging information from one
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channel could be used to validate information from another
channel. At the macrolevel of whole-brain NIRF imaging, the
shifting could create a transformation from “visible (long emis-
sion)” to “invisible (short emission)” for a near-IR (NIR) cam-
era/filter (640-900 nm) (Fig. 1), which could provide large signal
margins between control and experimental groups.

Our probe design was inspired by the chemistry of glow sticks,
in which oxalate ester reacts with H,O, to generate chem-
iluminescence. When oxalate is mixed with H,O,, it converts into
1,2-dioxetanedione, which is not stable and instantly decomposes
to generate CO, and release photons (35, 36). Nanoparticles
containing oxalate and dyes have been used to detect H,O,
in vitro and in vivo via chemiluminescence (37-39). Our design
strategy is different from chemiluminescent nanoparticles, which
use oxalate as an exciting source for a fluorophore that is con-
fined inside the nanoparticle. In our design, oxalate, which was
used as a sensing moiety, was incorporated into the curcumin
scaffold to produce probes with excitation (Ex) and emission
(Em) in the NIR imaging window (640-900 nm) (Fig. 24). After
it reacted with ROS, the oxalate moiety was removed, and this
removal consequentially led to dramatic blue shifts of Ex/Em
wavelengths. These significant shifts can be used for dual-color
microscopic imaging and can provide a visible to invisible
transformation for macrolevel NIRF imaging of whole brains.

The additional important benefit of the oxalate ester moiety
includes its contribution to longer Ex/Em, which is crucial for
deep tissue light penetration in NIRF imaging. In our previous
studies, we successfully extended the Ex/Em of curcumin via a
pull-push system, in which BF, and N,N’-dimethylaminophenyl
served as pull and push moiety, respectively (40). We reasoned
that, on replacing BF, with oxalate boron ester, the Ex/Em
wavelengths could be further elongated, because the elec-
tronic density of ester is more delocalized than that of fluo-
rides. It is well-documented that a smaller HOMO and LUMO
energy gap could lead to longer Ex/Em (41, 42), and a more
electron delocalized oxalate ester could principally lead to a
smaller HOMO/LUMO energy gap in CRANAD-61 than that
in CRANAD-2.

Synthesis and Properties of CRANAD-61. The synthetic route for
CRANAD-61 is shown in Fig. S1, and its structure was con-
firmed by '"H NMR, >C NMR, and LC-MS (43-45). Computa-
tion data confirmed that the HOMO/LUMO gap of CRANAD-
61 was smaller than that for CRANAD-2 (2.64 vs. 2.81 eV) (Fig.
2B). Its Ex peak is around 675 nm, and Em is around 760 nm in
ethanol (Fig. 2C). As expected, CRANAD-61 does provide
much longer Ex/Em than CRANAD-2 (Ex/Em 640/720 nm for
CRANAD-2 vs. 675/760 nm for CRANAD-61). CRANAD-
61 was fairly stable under physiological conditions. We found no
significant fluorescence changes of CRANAD-61 in PBS buffers
with pH 6.0, 6.7, 7.0, and 7.4 (Fig. S2 A-D). We performed
in vitro ROS tests in 20% DMSO PBS (pH 7.4) buffers because
of the better solubility and insignificant quenching (Fig. S2 E and
F). Other in vitro tests were performed in 5% DMSO buffers.
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Fig. 2. (A) The structures of CRANAD-2 and CRANAD-61. (B) HOMO/LUMO
of CRANAD-2 and CRANAD-61. The energy gap of CRANAD-61 is smaller
than that of CRANAD-2. (C) Ex and Em spectra of CRANAD-61 in ethanol.
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We found that its Em peak shifted to 810 nm in both 5 and 20%
DMSO PBS buffers (Fig. S2E), and the probe formed larger
particles in the 20% DMSO solution than that in the 5% DMSO
solution (342 + 27 vs. 186 + 28 nm, n = 4) (Fig. S2G). The Em
shifting could be primarily ascribed to J aggregation (46, 47) in
the particles. We observed a slight fluorescence intensity de-
crease (5%) at 810 nm when 20% DMSO was used (Fig. S2H),
which is likely caused by the oxidative capacity of DMSO (48). In
addition, log P of CRANAD-61 was 2.24 in an octanol/water
system, and quantum yield was 0.55% with indocyanine green
(ICG) as the reference.

In Vitro Solution Testing with Various ROS. We first investigated
whether CRANAD-61 was responsive to H,O, and what the
product of the reaction with H,O, was. We incubated CRA-
NAD-61 with 250 nM H,O, and used liquid chromatography-
mass spectrometry (LC-MS) to monitor the reaction. After
5 min, we observed a peak on LC-MS, which suggested the
product was CRANAD-5 (Fig. S34). After 30 min, CRANAD-
61 completely disappeared, and the reaction mixture was sub-
jected to a fluorescence spectral testing. We found that the
Ex/Em spectra were consistent with CRANAD-5, further
confirming that the reaction product was CRANAD-5 (Fig.
S3B). To investigate the fluorescence response of CRANAD-
61 in the presence of H,O,, 2.5 pM CRANAD-61 and 5.0 pM
H,0, were incubated in 20% DMSO PBS solution (pH 7.4).
Fluorescence changes were monitored using dual-Em wave-
lengths of CRANAD-61 and CRANAD-5 (Ex/Em = 500/570 nm).
We recorded the time course of the changes in fluorescence in-
tensities at 570 and 810 nm. Indeed, we found that the reaction
between H,O, and CRANAD-61 was very fast. We observed an
apparent increase in fluorescence intensity after a 1-min incuba-
tion at 570 nm. We also observed a fluorescence intensity de-
crease at 810 nm, indicating that CRANAD-61 was converted to
CRANAD-5 (Fig. 34). Remarkably, we found that CRANAD-61
was not only rapidly responsive to H,O, but also, very sensitive to
low concentrations of H>O,. At 5.0 nM H,0O,, an apparent fluo-
rescence intensity increase could be easily detected at 570 nm
(Fig. S44). The properties of CRANAD-61 for ROS detection
seem to be different from most of the reported probes, which
either are not sensitive enough for low concentrations of ROS or
have slow responses.

Surprisingly, while investigating the specificity of CRANAD-
61 for different ROS, we found that, other than H,O,, it was also
very sensitive to other ROS, including O,"~, *OH, OCI~, TPHBP,
and NO* (Fig. 3B and Fig. S5). As no previous reports suggested
that the oxalate moiety could be sensitive to other ROS, this was an
unanticipated but beneficial finding. Among these ROS, CRANAD-
61 showed the strongest responses for O,°~ (Fig. 3B). Similar to the
response to H,O,, CRANAD-61 also showed a fast and sensi-
tive response to all of the tested ROS, which was concentration-
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Fig. 3. In vitro testing of CRANAD-61 with various ROS. (A) Fluorescence in-
tensity (F.l.) increases at 570 nm after CRANAD-61 incubation with ROS at dif-
ferent time points (Ex = 460 nm). (B) Spectral changes of CRANAD-61 after
incubating with H,O, at different time points. Note the increase in intensity at
570 nm and decrease in intensity at 810 nm (Ex = 675 nm). (C) Concentration-
dependent intensity change of CRANAD-61 with ROS (H,0, as a representative).
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dependent and reached a plateau at a 1:2 CRANAD-61:ROS ra-
tio (Fig. 3C and Fig. S4 B-E). Interestingly, we also found that high
ROS concentrations could lead to the decrease of intensities, which
is likely caused by the photobleaching effect of ROS (49).

In Vitro Solution Fluorescence Spectral Testing of CRANAD-61 with Aps.
Our previous studies showed that curcumin analogs CRANAD-X
(X'=2,3,5, and 58) could interact with Ap species (40, 44, 50).
Therefore, the next step was to investigate whether CRANAD-61
could interact with Afs. To that end, we incubated CRANAD-61
with ABs and found that CRANAD-61 was capable of binding to
monomeric (K4 = 3.2 + 1.5 nM), oligomeric (K4 = 3.8 + 1.1 nM),
and aggregated Afs (Kyq = 38.1 = 14.7 nM), with moderate fluo-
rescence intensity increases (Fig. S64). In Ap plaques, metal ions
always coexist with AP species (15). To investigate their possible
quenching effects, we performed experiments with Cu(II), Fe(II),
and Fe(IIl) in the presence of AP aggregates with or without
H,0,. We found that metal ions could slightly quench the fluo-
rescence of CRANAD-61 itself 5, 7, and 5%, respectively, for Cu(II),
Fe(II), and Fe(III)] (Fig. S6B). However, in the presence of Ap,
the total intensity of CRANAD-61 was not significantly de-
creased, except for CuSQy, with which an 11.4% decrease was
observed (Fig. S6C). This quenching effect likely plays an in-
significant role in the disappearance of the fluorescent signal
in vivo, because we used much higher relatively concentrations
of metal ions (Ap/metal = 1) than those under real physiolog-
ical conditions in vivo. Moreover, as we expected, the intensity
was decreased when H,O, was added because of the reaction of
H,0, and CRANAD-61 (Fig. S6 D-F). Histological staining of
AD brain slices also showed that CRANAD-5 and CRANAD-
61 could bind to AP plaques (Fig. S6 G and H).

Blood-Brain Barrier Testing of CRANAD-61. To investigate blood-
brain barrier (BBB) penetration of CRANAD-61, we first con-
ducted in vitro parallel artificial membrane permeability assay—
BBB assay (51) and found the permeability (P,) = 5.08 x 10~°
cm/s, suggesting that it has a strong potential for BBB penetration.
In addition, we also injected BALB/c mice with CRANAD-61
using our previously reported protocol (40, 44). Fluorescence
spectra from the brain homogenates suggested that CRANAD-61
penetrated the BBB (Fig. S7).

Two-Photon Microscopic Imaging of AD Mice for Identifying Active
Plaques and CAAs. Ap plaques and CAAs are distinct Ap protein
aggregates that appear in AD brains. Morphologically, Ap
plaques are roughly spherical structures with fibrous edges in
the parenchyma, and CAAs are A depositions on the outer
surface of blood vessels as discontinuous ring-like shapes (10,
52, 53). Biochemically, AP aggregates/deposits contain distinct
B-sheet structures that can be labeled by many amyloid binding
dyes, including Thioflavin S, a dye that has been used as his-
tologic gold standard for labeling Ap deposits in tissue (54), and
fluorostyrylbenzene (FSB), a widely used dye for Ap plaque
imaging (10, 53, 55). In this study, we used colocalization of
FSB signal (blue in Fig. S84) and CRANAD-61 signal (red in
Fig. S84) as the criterion for amyloid labeling (Fig. S84). To
quantify the fluorescence change of individual amyloid de-
posits, the outlines of plaques and CAAs were traced manually
in the FSB Z-stack images.

To investigate whether it is feasible to identify active plaques
and CAAs, we used dual-color two-photon imaging to examine
the labeling properties of CRANAD-61 at the microlevel. We i.v.
injected 14-mo-old APP/PS1 mice with CRANAD-61 followed by
imaging at various time points. Our data showed that, 5 min after
i.v. injection, CRANAD-61 crossed the BBB into brains and
clearly labeled A plaques and CAAs (Fig. 4 A and C). Primary
fluorescence Em of CRANAD ranged initially from 640 to 680 nm
(red in Fig. 4 A and C). Time-lapse imaging of the same regions
showed that there was an obvious blue shift of the Em after 60 min.
The signal from the 640- to 680-nm channel decreased, while the
signal from the 500- to 550-nm channel (green in Fig. 4 B and D)
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Fig. 4. In vivo dual-color two-photon imaging of CAA (A, A’, A”) and plaques
(C, C, C’) of APP/PS1 mice after i.v. injection of CRANAD-61 at different time
points (5, 20, and 60 min), indicating that CRANAD-61 was able to cross BBB and
specifically label plaques and CAAs. CRANAD-61 initially binds to amyloid with
red fluorescence Em. Over the time of imaging, intensity in the red fluorescence
channel decreased, while intensity in the green fluorescence channel increased,
indicating ongoing conversion of CRANAD-61 into CRANAD-5 (B and D; n =
10 imaged amyloid deposits for each group; data shown as an individual point).
Wilcoxon matched pairs signed rank tests were used for statistical testing be-
tween different time points. A P < 0.05 level was regarded as statistically sig-
nificant. The asterisk indicates that one plague showed no apparent conversion.
a.u., arbitrary unit. (E) Example of an amyloid plaque colabeled with FSB and
CRANAD-61 imaged in vivo at high magnification. The image was superimposed
from acquisition at 800-nm Ex (FSB; blue channel) and 900-nm Ex (CRANAD-61;
red and green channels). A heat map of the fluorescence intensity ratio between
green and red channels (E’) indicated microregions in the plaque with a higher
conversion rate (arrow). (F) Representative images of one plaque that showed no
decrease in the red fluorescence intensity at 5, 20, or 60 min (arrows; F, F, F’),
while the free dye in the blood was significantly reduced.

clearly increased (Fig. 4 B and D). The appearance of green
fluorescence over time was consistent with the expected conversion
from CRANAD-61 to CRANAD-5, which is able to interact with
various APs (43) (Fig. S6H). The interlocked changes from the red
channel and from the green channel suggest the existence of a high
ROS level around A plaques and CAAs, which therefore, could
be considered active plaques and active CAAs.

As expected, we also observed plaques in which the signal
intensity did not substantially decrease in the red channel, and
this echoed by insignificant intensity increase in the green
channel during the 60-min imaging, suggesting that these plaques
were surrounded by a low ROS level and therefore, could be
considered inactive/silent (Fig. 4F). Notably, we found that the
conversion rates in CAAs were more significant than those in the
plaques obtained both from images and from quantification (Fig.
4 B and D), and this phenomenon provides evidence that CAA is
a critical player in AD pathology (56).

Interestingly, the spectral shifting property of CRANAD-
61 can be used as a ratiometric readout for local concentration of
ROS around plaques for mapping the heterogeneity of a plaque.
When imaged at a higher magnification, plaque microregions
showed a differential rate of CRANAD-61 to CRANAD-5 con-
version (Fig. 4E). A ratiometric measurement identified distinct
microregions of the plaque that had a particularly high conver-
sion rate, suggesting a high concentration of ROS at these lo-
cations. This result is consistent with previous reports of plaques
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with “hotspots,” which contain concentrated Ap42 and have a
higher degree of toxicity to surrounding neurites (14).

In Vitro Phantom Imaging with NIRF Imaging Parameters. In princi-
ple, the wavelength-shifting property of CRANAD-61 could also be
used for NIRF imaging of ROS at a macrolevel. The Ex and Em of
CRANAD-61 ideally fit in the NIR imaging window (640-
900 nm). On reacting with ROS, the oxalate moiety is removed,
and this removal leads to a dramatic blue shift of Ex/Em wave-
lengths into a non-NIR window (<640 nm). The shift from an
NIR window to a non-NIR window produced a transformation
from “visible” to “invisible” for an NIR camera. With this
transformation, the margin between control and experimental
groups can be maximized. To investigate the feasibility of
CRNAD-61’s visible to invisible phenomenon for NIRF imaging,
we performed in vitro imaging with the following parameters:
Ex = 640 nm and Em = 740 nm. As expected, the CRANAD-
61 signal gradually disappeared (became invisible) with the in-
crease of ROS concentrations (Fig. S8B), indicating that it was
feasible to capture the transformation from visible to invisible in
the NIR imaging window. Remarkably, a similar transformation
phenomenon was observed when CRANAD-61 was incubated
with ROS in mouse brain homogenate, a mimic of biologically
relevant environment (Fig. S8C).

Application of CRANAD-61 for NIRF Imaging of ROS in AD. To in-
vestigate whether CRANAD-61 can be used for imaging ROS in
AD brains, we used an APP/PS1 mouse model, a widely used AD
mouse model (57). We used a group of 12-mo-old mice to vali-
date the existence of higher ROS concentrations in AD brains.
(Note that the comparison only provides a relative level of ROS
in AD brain and healthy control brains. Obviously, control brains
should also have certain concentrations of ROS.) Images were
captured at different time points after i.v. injection of CRANAD-
61. We found that the NIRF signals in AD brains were signifi-
cantly lower than those in the control group at 30, 60, 120, and
240 min after i.v. injection of CRANAD-61. Relative differences
[Rap/wr)] between AD brains and WT brains [Rapwr) =
FapyFwr)] were 0.59-, 0.50-, 0.41-, and 0.29-fold at 30, 60, 120,
and 240 min after probe injection, respectively (Fig. 5 A and B).
Notably, the signal ratio Riap/wr) Was decreasing from 30 to
240 min (Fig. 5C), which is consistent with two-photon imaging
results (the decrease in red channel). Although the decrease of
CRANAD-61 signal was a combination of clearance and con-
version to CRANAD-5, the slope in Fig. SC was negative, sug-
gesting that the disappearance rate of CRANAD-61 signal in
AD brains was faster than that in WT brains, which could be
ascribed to the higher ROS concentrations in AD brains. How-
ever, because of the fact that Ex/Em wavelengths of CRANAD-5
are too short for in vivo NIRF imaging, we were unable to report
the change in R(ap/wr) with CRANAD-5 signal.

CRANAD-61 for Monitoring ROS-Level Changes in AD Mice of Different
Ages. To investigate whether CRANAD-61 can be used for
monitoring the ROS concentration changes at different ages in
AD brains, we imaged 4- and 18-mo-old groups of APP/
PS1 mice and age-matched control groups. Interestingly, at a
young age of 4 mo old, the difference between APP/PS1 and
control WT mice at early time points was negligible. In-
terestingly, at the early time points, the NIRF signal in the
APP/PS1 group was slightly higher than that in the WT group,
likely because of the fact that the fluorescence intensity of
CRANAD-61 could be increased after its binds to Afs (Fig.
S64). Apparent differences in 4-mo-old mice could be found at
60 and 120 min after the probe injection (Fig. S8D). In the 18-
mo-old groups, significant differences could be observed at all
of the time points. Importantly, an apparent time point dif-
ference for the maximal NIRF signals in AD and WT mice
(10 vs. 30 min) could be observed (Fig. S9 4 and B), suggesting
the high ROS level in AD mice could lead to a faster and
earlier signal loss. Interestingly, two-phase signal decay could
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also be seen in the AD group (Fig. S9B). We found that there
was a dramatic change in ROS levels from 4 [Rwr/ap) = 1.08]
to 12 mo [Riwr/apy = 2.00] (Fig. 5D), which is remarkable, and
this may be related to the behavioral changes in APP/PS1 mice
during this period of time. It is known that there are no be-
havioral differences between APP/PS1 mice and WT before
9 mo of age, while apparent abnormalities, including memory
changes, in APP/PS1 mice could be observed after 9 mo of age
(57). Moreover, Ap loading in APP/PS1 mice increases rapidly
from 6 to 10 mo of age. High concentrations of ROS may
contribute to this cognitive change and Ap increase. In addi-
tion, the change between 4- and 12-mo-old mice [Riwr/ap)
from 1.08 to 2.00] was larger than the change between 12- and
18-mo-old mice [Riwt/apy from 2.00 to 2.21] (Fig. 5D), most
likely suggesting that ROS generation was reaching a plateau
during the transition from 12 to 18 mo of age.

ROS Levels in the Blood of AD and Control WT Mice. We investigated
whether the differences in NIRF signals between AD mice and
WT mice are caused by the differences in ROS levels in blood.
We found no significant differences between the blood samples
from AD mice and WT mice (Fig. S9), suggesting that the dif-
ference in NIRF signals from brains could not be ascribed to
ROS in the blood.

Discussion

It has been established that high concentrations of ROS are
highly harmful for human health. However, there is no clear
cutoff that defines the detrimental ROS concentration. In the
past, several imaging probes for ROS have been reported and
successfully applied for cell imaging and in vivo imaging.
Nonetheless, none of them have been applied for in vivo brain
imaging. In this report, we showed that CRANAD-61 was a fast
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Fig. 5. In vivo NIRF imaging with CRANAD-61. (A) Representative images of WT
and APP/PS1 mice after i.v. injection with CRANAD-61 at 30, 60, 120, and 240 min.
(B) Quantification of images in A. Note that NIRF signals from WT are significantly
higher than that from APP/PS1 mice. **P < 0.01, ***P < 0.005. (C) Changes of the
NIRF signal ratio Riapmm [Riapmm = FiapyFavn] from 30 to 240 min. The negative
slope suggested that the disappearance rate of the CRANAD-61 signal in AD
brains was faster than in WT brains. (D) Changes of relative ROS levels in APP/
PS1 mice of different ages. There was a dramatic increase of ROS levels from age
4 t0 12 mo old.
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responding and a highly sensitive probe for ROS that could be
used for imaging ROS at micro- and macrolevels in brains of
AD mice. In particular, our two-photon imaging data suggested
that the local ROS concentrations in plaques could be mea-
sured with the ratiometric readout from the dual-imaging
channels. Using dual-color two-photon imaging, it could be
feasible to distinguish active and inactive/silence plaques and
CAAs in vivo. Moreover, the ratiometric readout could also be
used for mapping the heterogeneity of a plaque, showing that
the microregions of high ROS level in a plaque are similar to
hotspots reported previously (10, 14). Mounting evidence sug-
gests that brain vascular dysfunction contributes substantially to
AD pathology (56), and our observation of fast conversion rates
of CRANAD-61 into CRANAD-5 around CAAs likely pro-
vides strong support for this speculation. Our method for
identifying active and inactive/silent plaques could potentially
be used to investigate the controversy surrounding the neuro-
toxicity of plaques and CAAs (1, 6, 7).

At the macrolevel, we showed that CRANAD-61 could be
used for detection of the differences in the total ROS levels in
AD and WT brains and for monitoring of the increase of ROS
with the progression of AD. Nonetheless, it is not clear how ROS
concentrations change with the advancement of AD or in re-
sponse to different treatments, such as combination therapy with
anti-Ap antibody, antioxidants, or antiinflammatory drugs. We
believe that in vivo imaging using CRANAD-61 will provide
answers to these daunting but fundamental questions at micro-
and macrolevels and will potentially guide development of AD
therapeutic strategies.

In this report, to design the probe for ROS sensing, we utilized
the chemistry of glow sticks, in which oxalate ester reacts with
H,0, (35, 36). Surprisingly, we found that, in addition to H,O»,
CRANAD-61 was also responsive for other ROS. In this report,
we used curcumin scaffold to show the reactivity of oxalate ester
with ROS. We believe that this oxalate ester-based strategy can
also be integrated into other scaffolds, such as the cyanine dye
family. In addition, we showed that, on installation of oxalate
boron ester, the Ex/Em wavelengths could be further extended
into NIR range because of smaller HOMO and LUMO energy
gaps. Our oxalate-based ROS probe represents a unique category
of ROS probe and is a platform for detecting ROS via both mi-
croscopic and NIRF imaging. We believe that this design strategy
can be extended to other imaging probes as well. Therefore, this
strategy can have a broad impact for designing imaging probes.

For imaging at the microlevel, the benefits of wavelength shifting
are obvious, because it could be utilized for dual-color imaging,
which can provide more reliable information than single-color
imaging. With the capacity of dual-color two-photon imaging, we
can reliably differentiate active and silent plaques and CAAs, be-
cause the signal changes from each channel are reciprocally cou-
pled. For macrolevel NIRF imaging, the wavelength shifting could
be considered a transformation from visible to invisible for an NIR
camera or filter, and this “turn-off” can provide a significant signal
difference between the experimental and control groups. Con-
ventional molecular imaging requires that the target-bound probe
and free probe have significantly different retention times to
achieve contrast. However, in the absence of target binding, as in
the case with ROS, the differences in retention times cannot be
measured. Nonetheless, the transformation of CRANAD-61 on
ROS reaction could be used to measure the difference. The
drawback of CRANAD-61’s wavelength shifting at macrolevel
NIRF is a lost-of-signal contrast. However, this drawback could be
overcome by designing probes that have Ems in the NIR window
both before and after ROS reaction.

Clearly, ROS concentrations in a living being cannot be
measured in absolute values because of their highly reactive
property and short lifetime. It is also difficult to validate in vivo
data with ex vivo measurement, since the killing procedure
generates abundant ROS. However, it is reasonable to provide
relative measurements compared with healthy controls in vivo.
Considering the complexity of living beings, other metabolic
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processes, other than ROS, may have effects on the differences
between AD and WT mice.

In summary, our results showed that CRANAD-61 was a
highly sensitive, fast response, and BBB-permeable ROS imaging
probe. Our imaging at both micro- and macrolevels could pro-
vide a more comprehensive picture of ROS in brains, which
could lead to better understanding AD pathology and a better
approach for AD drug discovery.
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Materials and Methods

Materials, methods, and chemical synthesis are described in S/ Materials
and Methods. All animal experiments were approved by the Institutional
Animal Use and Care Committee at Massachusetts General Hospital.
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