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1 | INTRODUCTION

Despite being the most common cause for dementia
worldwide, the molecular complexity of Alzheimer's dis-
ease (AD) is poorly understood [1, 2]. As a pervasive neu-
rodegenerative disorder, AD progresses slowly over
decades with a disease progression that is characterized
by the presence of amyloid-beta (AB) plaques in the brain
and other parts of the central nervous system. Af oligo-
mers start appearing in the early stages of the disease;
some forms of AP oligomers are neurotoxic and the cause
for neuronal degeneration [3, 4]. Therefore, Af oligomers
and plaque deposits may serve as both biomarkers for
diagnostic purposes as well as for targets for therapeutic
agents. Several small molecules with high affinity for Ap
oligomers can permeate the blood-brain barrier, and
these have been developed as potential theranostic agents
for AD [5-8].

The Mirica group at the University of Illinois at
Urbana-Champaign has developed several bi- and multi-
functional small molecules that tag and inhibit the for-
mation of AP oligomers [9-11]. Essentially, these mole-
cules contain a hydrophobic Af-binding fragment and a
hydrophilic metal-chelating azamacrocyle that has been
shown to counteract Cu®"-Ap toxicity and rescue
degenerating neurons in vitro. Copper (Cu) plays a role
in the modulation of Ap aggregation and Cu®*"-Af com-
plex catalyzes the production of reactive oxygen species,
which cause oxidative stress and neurotoxicity. Metal-
chelating compounds remove Cu®" from AP aggregates
and stop oxidative damage and subsequent cell death
[12]. In this article, we investigate two of those com-
pounds: LS-4 [9] and ZY-12-OMe [11] (Figure S1).

The AB-binding hydrophobic fragment of LS-4 is a
distyrylbenzene derivative, DF-9, that has a high affinity
for AP [13] and resembles the FDA-approved PET imag-
ing agent, ['*F|florbetaben [14], which is a widely used
amyloid dye [15]. The hydrophilic azamacocycle, 2,4-
dimethyl-1,4,7-triazacyclononane  (Me,HTACN), has
metal-chelating properties to counteract Cu®'-induced
neurotoxicity. Moreover, the 2-methoxy-phenol of the
hydrophobic fragment resembles o-vanillin that has been
shown to inhibit the formation of Ap oligomers [16]. LS-4
showed a 20- to 50-fold increase in fluorescence with 380

AD offers new insights into the interaction of these tags with AD biomarkers
and the theranostic mechanisms.

Alzheimer's disease, multimodal imaging, multiphoton microscopy, optical imaging,

nm single-photon excitation in the presence of AP fibrils
and oligomers and showed blue-shifted emission spectra
under different binding conditions. Additionally, it can
penetrate the blood-brain barrier in vivo, and reduces
the number of amyloid plaques and microglial activation
in mouse models for AD (5xFAD) [9]. Two-month-old
5xFAD mice start exhibiting amyloid deposition and pro-
gressive neuronal loss that is characteristic for human
AD. LS-4 was also shown to be fast-acting, binding to the
AP peptides within the first few hours. ZY-12-OMe con-
tains a Me,TACN with a methoxy group attached that is
bound to a stilbene derivative. The fluorescence emission
spectra of ZY-12-OMe shifts drastically from 550 to
480 nm in the presence of AP aggregates, oligomers and
fibrils due to the restriction in the rotation of the aro-
matic rings. Like LS-4, ZY-12-OMe could also penetrate
the blood-brain barrier. Both compounds showed high
correlation to dyes tagged with antibodies for Ap plaques
[11]. Both ZY-12-OMe and LS-4 were shown to have very
high binding affinity to different forms of AP aggregates
with dissociation constants >320 and 50 nM, respectively
[9-11].

In this study, we evaluated the binding dynamics of
LS-4 and ZY-12-OMe with quantitative multiphoton
microscopy, tracking the changes to the fluorescence
spectra, intensity, and lifetime. Compared with confocal
microscopy, which has been previously used to track
these small molecules in the brain, multiphoton micros-
copy has better spatial resolution, penetration depth and
lower photobleaching that enable imaging the fast
dynamics of these compounds over long durations.
Multiphoton microscopy has enabled high-throughput
studies of AD biomarkers for other common exogenous
labels [17, 18]. We have previously described the simulta-
neous label-free autofluorescence multi-harmonic
(SLAM) microscopy [19-21] and the fast optical coher-
ence, autofluorescence lifetime imaging, and second har-
monic generation (FOCALS) microscopy [22] setups for
label-free characterization of live in vitro, ex vivo, and in
vivo samples.

SLAM microscopy causes simultaneous two-photon
and three-photon excitation of fluorophores and
harmonophores, and the emitted non-linear signals are
measured in four spectral bands between 365-375, 420-
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480, 540-570 and 580-640 nm to capture third-harmonic
generation (THG), three-photon excitation fluorescence
(3PEF), second harmonic generation (SHG), and two-
photon excitation fluorescence (2PEF), respectively, at
approximately 0.5 frames per second for a 200 x 200
pixel image. Label-free imaging using SLAM microscopy
predominantly involves imaging of NAD(P)H using
3PEF, FAD using 2PEF, collagen using SHG, and optical
heterogeneity using THG, and has primarily been
directed for cancer imaging in prior studies [20, 21, 23].
The emission spectra of both LS-4 and ZY-12-OMe span
440 to 600 nm in the presence and absence of AP aggre-
gates; they are expected to generate signals in the three
latter detectors of SLAM microscopy, depending on their
mode of interaction with the AP aggregates. Multispectral
multiphoton microscopy enables a more comprehensive
evaluation of the binding of the compounds within the
first hour over an entire coronal slice of murine brain.

The restriction in the rotation of the aromatic rings of
the two tested compounds upon binding to Ap aggregates
is not only expected to create a “turn-on” or activation
effect and a shift in the emission spectrum, but also a
change in the fluorescence lifetime due to a change in
the molecular energy levels. FOCALS microscopy was
designed to capture the 2PEF lifetime using fast fluores-
cence lifetime imaging microscopy (FLIM), along with
optical coherence microscopy (OCM) for structural imag-
ing. The multimodal images generated from FOCALS
microscopy have been utilized to profile cells and tissues
label-free under different imaging conditions. FLIM is
more sensitive to the changes in fluorescence dynamics
than intensity imaging alone. Fast FLIM can image sev-
eral fields of view within the first few minutes of the
compounds’ interaction with the sample. Through GPU-
accelerated processing and computational photon cou-
nting, fast FLIM in FOCALS microscopy utilizes the
emitted photons more effectively than traditional FLIM
techniques, is more accurate than comparable direct
pulse-sampling-based fast FLIM techniques, and gener-
ates images in real-time [22, 24, 25]. Compared with wide
field or confocal fluorescence imaging, techniques such
as SLAM and FOCALS microscopy are multimodal, gen-
erate quantitative metrics, and are more sensitive to sub-
tle molecular and environmental changes.

Using the 5XFAD model, the binding of LS-4 and ZY-
12-OMe to AP deposits was evaluated following topical
application on frozen brain slices and in fresh slices after
intravenous injections. The binding of the compounds in
brain slices within the first hour upon topical application
was tracked in four spectral bands. Their performance
corresponds to previously observed spectral characteris-
tics. Additionally, compared with multispectral fluores-
cence imaging, FLIM characterized different binding

characteristics within a single spectral band. This was
observed both in frozen slices for topical application
within the first 5 to 30 min and in fresh brain slices fol-
lowing intravenous injections.

2 | METHODS

2.1 | Optical setups, image acquisition
and processing

SLAM microscopy is sourced by supercontinuum gener-
ated from a photonic crystal fiber pumped by a 1030 nm
fiber laser (Satsuma, Amplitude Systemes) and operating
at a 20 MHz repetition rate with approximately 3.34 W of
output power. A portion of this supercontinuum, ranging
1110 + 30 nm, was shaped by an SLM-based pulse shaper
(Biophotonics Solutions) to generate ultrafast pulses. The
emitted fluorescence was collected using four photon-
counting photomultiplier tubes (PMTs, H7421-40, Hama-
matsu Corporation), simultaneously, between 365-375,
420-480, 540-570 and 580-640 nm. Data was acquired
using a custom LabVIEW program with a mosaic func-
tionality that enabled the acquisition of images from an
entire transverse plane across a coronal murine brain
slice (~6.4 x 6.4 mm?). The setup for SLAM microscopy
has been previously described in detail by You et al [21].
The images for the pure compounds in phosphate buff-
ered saline (PBS) were randomly sampled at multiple
locations 5 to 10 pm into the sample. The images of the
brain slices were acquired as 200 x 200 pixel tiles span-
ning 400 x 400 pm?. A collection of 15-17 tiles in each
direction were acquired to obtain one mosaic spanning
the entire region of the brain slice.

The system setup for FOCALS microscopy has been
previously described in detail by Iyer et al [22]. In brief,
FOCALS microscopy obtains fast FLIM, OCM and SHG
microscopy images simultaneously at 0.5 frames per sec-
ond for 256 x 256-pixel images. FOCALS microscopy is
sourced by a tunable titanium-sapphire laser operating at
750 nm (MaiTai HP, Spectra Physics) and generating
pulses <300 fs. The emitted spectrum was collected using
an analog PMT (H10721-210, Hamamatsu Corporation),
conditioned with a 1.5 GHz transimpedance amplifier
(C5594, Hamamatsu Corporation) and sampled with a
high-speed digitizer at 3.2 GS/s (ATS9373, AlazarTech)
across 415 to 485 nm (or 468-552 nm, where specified).
A part of the laser output was used to pump a photonic
crystal fiber (LMA-PM-5, NKT Photonics) to obtain a
broader spectrum that was then used to collect the OCM
images in the spectral-domain using a fiber-based spec-
trometer (Cobra 800, Wasatch Photonics & spl4096-
140km, Basler AG). The SHG signal for the 750 nm light
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was minimal and therefore neglected in this study. Both
setups used a 1.05-NA 25x water-immersion objective
lens for this study (XLPLN25XWMP2, Olympus
Corporation).

All steps to process the images and generate the fig-
ures in this article were done using MATLAB. The indi-
vidual frames of the SLAM images within a mosaic were
normalized with a 25-pixel 2D Gaussian filter applied
across all frames in the 2PEF channel to remove vignette
artifacts; the mosaics were assembled and normalized
computationally. For analyzing the uptake of LS-4 or ZY-
12-OMe, an intensity threshold of 20 was empirically
determined after using a 5 x 5 2D Gaussian filter over
the 2PEF channel to window the regions inside the brain
from the background. The tiles at the edges with abnor-
mal uptake, estimated as the tiles where over 25% of the
pixels had non-zero intensities in the 3PEF channels,
were excluded from the analysis. The four channels were
normalized to the 90th percentile in each mosaic to
enable them to fit on the same plot. All p values were cal-
culated using two-way Student's ¢ tests.

The FLIM data were processed in real-time on a GPU
using our previously described algorithm for computa-
tional photon counting called Single-photon PEak Event
Detection (SPEED) [24, 25] with 3x3 binning to gather
enough photons for accurate 2PEF lifetime estimation
(threshold was set to be 100 cumulative photons after
binning) using phasor analysis. The OCM images are
shown as the average projection of 6 en face planes
around the focus (spanning 15 pm axially) and the color
scale was set to span the 10th to 90th percentiles of inten-
sity in the frame. For quantifying the spectral shift in
fresh brain slices between the two spectral band, a sub-
tractive metric was chosen over a ratiometric one to avoid
the abnormal effects of a vanishing denominator.

2.2 | Materials and sample preparation
The procedures for the synthesis, characterization and
validation of LS-4 and ZY-12-OMe were described previ-
ously [9, 11]. The synthesized compounds, at a concentra-
tion of 1 mM in DMSO, were further diluted to 100 pM
in Dulbecco's phosphate-buffered saline. The compounds
were stored at —20°C and thawed on the day of
experiments.

All animal procedures were conducted in accordance
with protocols approved by the Illinois Institutional Ani-
mal Care and Use Committee at the University of Illinois
at Urbana-Champaign and in compliance with the
ARRIVE guidelines [26]. For the experiments with frozen
brain slices, three 10 to 11-months-old 5xFAD (Jackson
Laboratories) mice and one wildtype (WT, C57BL/6)

control were sacrificed by cardiac perfusion with saline.
The whole brain was extracted postmortem and frozen at
—80°C. The samples were cut to 300 um thick slices using
a vibratome and placed in x1 PBS on the imaging stage.
After the acquisition of label-free images, the compounds
were topically added using a pipette and mixed twice by
swishing the fluid up and down twice immediately after
addition.

For in vivo binding of compounds in the brain, a 10-
months-old 5XFAD (Jackson Laboratories) mouse and a
wildtype mouse (WT, C57BL/6) were intravenously
injected with 1 mg/kg LS-4 per body weight for 10 days
every day at a concentration of 1 mM in PBS (pH 7.4)
with 1% DMSO. Each mouse was sacrificed by cardiac
perfusion with saline, the brain was resected and 300 pm
thick slices were produced using a vibratome. All FLIM
images were acquired from the hippocampal region.

3 | RESULTS AND DISCUSSION

3.1 | Tracking the binding of topically
applied LS-4 and ZY-12-OMe on frozen
brain slices using SLAM microscopy

Both LS-4 and ZY-12-OMe were previously shown to
have very broad emission spectra from 440 to 600 nm [9-
11]. In SLAM microscopy, this is expected to create fluo-
rescent signals in the blue, green and yellow channels
(corresponding to 3PEF, SHG and 2PEF channels for
label-free imaging, respectively), which is observed when
imaging the compounds in PBS. First, across all channels,
ZY-12-OMe in PBS appears to be much brighter than LS-
4 in PBS when excited at 1100 nm; both compounds had
maximum fluorescence in the yellow channel
(Figure 1A). Second, when topically added to brain slices,
the compounds seem to accumulate around the edges
after 1 h (Figure 1B-D). However, upon closer inspection,
some regions indicated by the white arrows and circles
appear to have increased fluorescence, suggesting that a
part of the compound must have either had direct contact
with these inner regions during topical application or
permeated into the interior of the brain slices from the
top or outer regions within the hour. These compounds
were previously characterized with a blue-shift upon
binding to Ap fibrils or oligomers [11]. Since the pure
compound has maximum fluorescence in the 415 to
485 nm channel, we expect the fluorescence from the
compounds bound to AP to originate in the green/blue
channels. The signal in the blue and green channels in
the WT brain slice was negligible before the addition of
the dye. Upon addition of ZY-12-OMe, there was signifi-
cant increase in the intensities in the green and yellow
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FIGURE 1 Tracking the binding of topically applied ZY-12-OMe and LS-4 on frozen brain slices from WT and 5xFAD mice using
SLAM microscopy. SLAM images of (A) 30 pL of 100 uM of ZY-12-OMe and LS-4 in PBS. (B) Brain slice from WT mice before and 1 h after
addition of 10 puL of 100 pM ZY-12-OMe. (C) Brain slice from 5XFAD mice before and 1 h after addition of 10 pL of 100 pM ZY-12-OMe. The
white arrows show the sites where increased fluorescence is observed in the 3PEF channel. (D) Brain slice from 5xFAD mice before and 1 h
after addition of 30 pL of 100 pM LS-4. (E-G) Comparison of normalized mean intensity of every 100 x 100 pixel tile within the brain slices
(excluding the edges with abnormal diffusion/retention and empty spaces) in the four channels corresponding to B, C and D, respectively.
LF: label-free (before addition of LS-4 and ZY-12-OMe); LS-4: 1 h after addition of 30 pL of 100 uM LS-4; ZY: 1 h after addition of 10 pL of
100 pM ZY-12-OMe; **p < .0005; * p< .005; SHG*: SHG signal in the label-free image, a part of the emission spectra of the two compounds

in labeled samples

channels (Figure 1B,E). In 5XFAD brain slices, this signif-
icant increase was instead observed in the blue channel
corresponding to the expected spectral shift (Figure 1C,
F). The sites with increased 3PEF fluorescence are in the
hippocampus and cortex, where AD-related plaques are
known to be abundant [1, 3, 4]. The increased

fluorescence from the binding of LS-4 to Af in 5xFAD
mice was comparatively weaker, like the pure com-
pounds. Nonetheless, there was a significant increase in
the fluorescence intensity in the green channel
(Figure 1D,G). These results correspond to the expected
trends for these compounds. However, since their
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Tracking the binding of topically applied LS-4 on frozen brain sections in WT and 5XFAD mice. (A,B) Fluorescence intensity

(A) and lifetime (B) of pure compound (blue), brain slice from WT with topically applied 50 pL of 100 pM LS-4 (dark green), brain slice from
5XFAD mice label-free (green) and two brain slices from 5xFAD with topically applied 50 pL of 100 pM LS-4 (olive to pink) collected using a
415 to 485 nm filter. (C,D) Phasor plots (C) and histogram of the fluorescence lifetime (D) for each frame following the same color

scheme as A

fluorescence emission spectra are broad and overlapping
for the different states of the compound, these samples
were further characterized using FLIM in FOCALS
which is expected to be more sensitive to the state of
these compounds than intensity alone.

3.2 | Tracking the binding of topically
applied LS-4 and ZY-12-OMe on frozen
brain slices using fast FLIM

Next, we compared the multispectral analysis of fluores-
cence from pure LS-4 with FLIM in the 415 to 485 nm
region (Figure 2). As observed using SLAM microscopy,
100 pM of pure LS-4 was weakly fluorescent, emitting
10-20 photons for every 400 incident pulses; using fast
FLIM the corresponding fluorescence lifetime was mea-
sured to be 300 to 500 ps. Similarly, the fluorescence of
label-free 5XFAD brain was also weak (10 photons for
400 pulses) with a 2PEF lifetime of 750 to 1000 ps. The
2PEF values and the overall trend were calculated for the
few pixels that were above the threshold to calculate
accurate 2PEF lifetime values in the label-free image.
The weak intrinsic fluorescence could be due to low
NAD(P)H in the brain after freezing. Five minutes after
the addition of 50 pL of 100 uM LS-4, the overall fluores-
cence intensities appear to be 10 to 50x higher than the

autofluorescence or fluorescence from LS-4 (Figure 1A).
This suggests that the contribution of tissue
autofluorescence or free LS-4 unassociated with the tis-
sues or AP deposits can be neglected in our analysis after
the addition of these compounds to the brain slices. The
2PEF lifetime of the brain slices after the addition of LS-4
was much higher than autofluorescence or the pure LS-4
(Figure 2B). Interestingly, the 2PEF lifetime of LS-4 even
in control tissues from a WT mouse was much higher
than pure LS-4, but lower than that of LS-4 in images
from the 5xFAD mouse. Additionally, one of the images
(pink frame) of LS-4 from 5XFAD mouse had similar
2PEF lifetime trends to that of the control slice in
Figure 2D. Upon closer observation, this frame appears
to be mostly devoid of any distinct tissue features,
suggesting that this was a relatively empty region in the
tissue (see FigureS2 for OCM images). However, some of
these features have high 2PEF lifetimes (> 2000 ps).
While none of the lifetime values. Compared with the
distribution of lifetime values (Figure 2D), the distinction
between the different populations (i.e., pure LS-4 (blue),
autofluorescence (green), WT slice with LS-4 (dark
green), empty regions in 5xFAD slices with LS-4 (pink
and parts of yellow) and Ap-rich regions of LS-4 [orange
and red]) is more apparent in the phasor plots
(Figure 2C). These results validate the turn-on or activa-
tion effect of LS-4 in tissue samples, the increased 2PEF
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FIGURE 3 Tracking the binding of topically applied ZY-12-OMe on frozen brain sections from 5XFAD mice. (A,B) Fluorescence
intensity (A) and lifetime (B) of the pure compound (blue) and two brain slices from 5xFAD with topically applied 50 pL of 100 pM ZY-12-
OMe (green-orange: 5-7 min after, pink: 30 min after application) collected using a 415 to 485 nm filter. (C) OCM images corresponding to

A and B. (D,E) Phasor plots (D) and histogram of the 2PEF lifetime (E) for each frame following the same color scheme as in A

lifetime of LS-4 immediately after addition to tissue sam-
ples, and how these 2PEF lifetime values are much
higher when the compound is bound to AP plaque
deposits. It is noteworthy that the pixels with high 2PEF
lifetime also have high 2PEF intensity, suggesting that
these compounds accumulate in certain regions that con-
tain AP deposits and not in the empty spaces.

A similar trend is observed for ZY-12-OMe (Fig-
ure 3)—pure ZY-12-OMe has low 2PEF intensity (10-20
photons for 400 incident pulses) and lifetime (400-

600 ps). Compared with LS-4, the “turn-on” effect in fluo-
rescence is much more prominent in 5xFAD brain slices
(65-140x) within the first 5 min, and up to 370x after
30 min (Figure 3A). Like LS-4, the 2PEF lifetime of pure
compounds is less than that of ZY-12-OMe in the tissue
spaces, which is much lower than locations where it
accumulates, indicating the presence of AP deposits
(Figure 3B). The corresponding OCM images help iden-
tify locations with abnormal scattering that have high
2PEF lifetime (>2000 ps, indicated with the orange
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FIGURE 4 Tracking the binding of LS-4 after intravenous injections in WT and 5xFAD mice. (A) Fluorescence intensity and lifetime of
brain slices from WT (orange and pink) and 5xFAD mice (blue and green) collected using two different filters: 415 to 485 nm (columns 1 and

2, respectively) and 468-552 nm (columns 4 and 5, respectively), the difference between the two fluorescence intensities normalized by their

relative transmission and bandwidths (column 3), and the corresponding OCM images (column 6). (B,C) Phasor plots and histograms of the

fluorescence lifetime for each frame acquired with the two different filters, following the same color scheme as in A for differentiating

between WT and 5XxFAD

85U8017 SUOWILLIOD @A 18810 3dedljdde ayy Aq peusenob ae s9joile YO ‘8sh Jo ss|n. 10} Ariq18UIUO A1 UO (SUORIPUOD-PUB-SUWLBIWO A8 |IMAleIq 1 BUI|UO//SANL) SUORIPLOD PUe SWie | 8U 88S *[5202/20/.2] o AkeiqiTaulluo Ae|im v sioul| JO AisAIuN A GOT00ZZ0Z 014 [/200T OT/I0p/L0o" A8 1M ARe.q1jeulUo//:SdNY Wo. pepeo|umod ‘6 ‘2202 ‘8r90r98T



IYER ET AL.

OURNAL OF

9 of 11
PHOTONICSJ—

arrows in Figure 3A,B), and regions that are mostly
homogenous or empty which have higher 2PEF lifetime
than pure ZY-12-OMe and lower than regions with Af
deposits (Figure 3C). These distinctions are apparent in
both the distributions of the fluorescence lifetime and the
phasor plots (Figure 3D,E).

Despite the differences in the fluorescence efficiency
of the compounds aside, the inferences regarding the
relationship between the 2PEF characteristics and pro-
tein-binding made for LS-4 appear to be valid for ZY-12-
OMe as well (Figure 2). FLIM appears much more sensi-
tive to the binding of these compounds to different struc-
tures in the 5xFAD brain slices immediately after
addition to tissues, even without washing off the
unbound compounds.

3.3 | Tracking the binding of
intravenously injected LS-4 on fresh 5xFAD
(and WT) brain slices using fast FLIM

Having investigated the short-term binding of these com-
pounds using topical application, we wanted track LS-4
in brain 10 days after daily intravenous injections. LS-4
was chosen over ZY-12-OMe for these experiments to
show the potential of multimodal imaging with FLIM on
the weaker of the two compounds. Additionally, to fur-
ther explore the spectral shift that was previously
observed (Figure 1), FLIM images were acquired with
two different emission filters: 415 to 485 nm and 468 to
552 nm. Although there is considerable overlap between
the two filters, the former is expected to the emission
band for Ap-bound compounds and the latter is expected
to span the emission band of compounds not bound to
Ap. In fresh brain slices, the total fluorescence appears to
be higher than that of pure compounds or
autofluorescence from previously frozen brain tissue
slices, even in WT mice (60 photons from 400 incident
pulses), either due to residual dye or tissue
autofluorescence. However, not all the scattering tissue
structures seen on the OCM images have high enough
fluorescence to estimate accurate 2PEF lifetime values.
Since the circulatory system would inherently wash away
any unbound compounds, unlike the case of topical
application, this decreased fluorescence was expected.

In the third column of Figure 4A, the normalized
fluorescence intensity in the two bands was compared.
The gold areas indicate regions where the intensity in the
415-485nm band (I'(450nm)) was higher than the
intensity in the 468-552 nm band (I'(510nm)), the other
way around in the blue regions. There appear to be
minimal differences based on visual observation
alone. However, upon closer inspection and

quantification, the percentages of the strongly golden
areas, where (I’(450nm)—I’(510nm)) >1, are 35.6%,
18.2%, 54.9% and 62.8%, respectively, for each row,
whereas the percentages of blue area, where
(I'(450nm)—1I(510nm)) <1, are 64.4%, 81.8%, 45.1%
and 37.2%, respectively, for each row. The slices from
5xFAD mice have a larger percentage of blue area com-
pared with the WT mice. While this intensity metric was
useful to observe an overall trend, the accumulation of
these compounds in a few sites that we observed in FLIM
is not discernable here.

Like the results in Figures 2 and 3, the 2PEF lifetime
of 5xFAD slices appears to be higher compared with the
WT slices, which is distinctly in the 415 to 485 nm band
and less apparent in the 468 to 552 nm band (Figure 4C).
On the phasor plots (Figure 4B), the WT slices have a
much larger spread compared with the 5XxFAD slices.
Overall, these results indicate that the binding dynamics
of the compounds are more apparent in FLIM than just
intensity-based multiphoton microscopy. Additionally,
FLIM of the 415 to 485 nm appears to characterize LS-4
binding better than the 468 to 552 nm band in the con-
text of AP deposits, based on both the fluorescence inten-
sities and lifetimes.

4 | DISCUSSION AND
CONCLUSION

7ZY-12-OMe was naturally brighter despite having a
slightly lower binding affinity to Ap aggregates compared
with LS-4 [9-11]. Correspondingly, in both SLAM and
FLIM images, ZY-12-OMe appeared to have higher fluo-
rescence intensity in tissues and in the presence of Af
deposits. A significant increase in fluorescence was
observed in the 420 to 480 nm channels for the 5xFAD
brain slices upon the addition of ZY-12-OMe; this
increase in fluorescence was red-shifted in WT slices
appearing in both the green and yellow channels
(Figure 1E,F). The increased fluorescence in LS-4,
although weaker, was also in the blue and green chan-
nels. Moreover, the increase in fluorescence could be
observed distinctly in the regions corresponding to the
cortex and hippocampus. However, the selectivity of both
ZY-12-OMe and LS-4 towards AP oligomers compared
with other forms of A aggregates is low based on their
dissociation constants [9-11]. Consequently, the fluores-
cence intensity in a single spectral band alone was insuf-
ficient to characterize their binding to the AP plaques in
the AD brain accurately. The 2PEF lifetime could differ-
entiate three distinct populations in ZY-12-OMe within
the first 5 min, such that the 2PEF lifetime of free com-
pounds was less than the 2PEF lifetime of the
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compounds in normal tissue/background, which was less
than the 2PEF lifetime of the compounds bound to Ap
deposits. These results validate the previous characteriza-
tion of the compounds based on fluorescence spectroscopy
and simulations of protein interactions [9-11]. The
observed different fluorescence lifetime values for the two
compounds could be due to the slightly different modes of
interaction with the AP aggregates that may lead to differ-
ent extents of steric constraints for the excited state geom-
etry, which will have a direct effect on their fluorescent
lifetimes. Another source of variability is that the distribu-
tion of AP aggregates differs even within sub-regions in
the brain and between different animals.

Apart from imaging the fluorescent tags, SLAM and
FOCALS microscopy were also able to image several
autofluorophores, harmonophores and other features in
the brain slices. Particularly in SLAM, significant signals
were observed in both the THG and 2PEF channels,
corresponding to optical interfaces with mismatched
refractive indices and to FAD, respectively. In these chan-
nels, the texture of the brain slice from 5XxFAD mouse
appears to be more heterogeneous with distinct granular
structures compared with the brain slice from the WT
mouse. For fluorescence characterization of the com-
pounds, the THG channel was outside the emission spec-
tra. However, THG is the only channel that relies solely on
structural components. Therefore, the local heterogeneity
was quantified as the ratio between the standard deviation
and the mean intensity of 50 x 50 pixel tiles before the
addition of the dye (Figure S3). The 5XFAD brain slices
had significantly higher heterogeneity compared with the
WT slice. This heterogeneity could be due to large protein
deposits that have abnormally high local refractive indices
or structural consequences of neuronal degradation from
AD. Similarly, heterogenous structures were observed
using X-ray phase-contrast microscopy [27] and optical
coherence tomography in 5XFAD mice brains [28]. Fur-
thermore, FOCALS microscopy showed that there were
label-free features that could be obtained simultaneously
with fluorescence characterization, such as the structures
observed in the OCM images. Therefore, multimodal quan-
titative multiphoton microscopy was not only utilized to
track the dynamics of exogenous markers of AD, but also
discover possible label-free biomarkers of AD. Using the
two modalities also enabled looking at the distribution of
these compounds at two different spatio-temporal scales.

This study was driven by the motivation that
multiphoton microscopy was more appropriate than con-
focal microscopy for thick tissue imaging due to its ability
to image deeper, provide intrinsic axial sectioning, and
have easier scalability to whole tissue or in vivo imaging
in the future. We demonstrated that SLAM and FLIM not
only extracted binary differences between 5xFAD and

WT slices based on the fluorescence of the tested com-
pounds, like shown previously using confocal and
widefield fluorescence imaging but also helped analyze
the binding of the tags themselves with micron-scale res-
olution immediately after application to tissues based on
their spectral responses and fluorescence lifetimes. SLAM
and FOCALS microscopy were effectively utilized to
investigate the fast-acting binding and theragnostic
potential of these molecules. Furthermore, potentially
novel label-free biomarkers based on the local heteroge-
neity were observed with our techniques that could com-
plement the information from these fluorescent tags. In
the future, we plan to extend these studies to observe the
interaction of these compounds intravitally with different
types of AP deposits and at different stages of AD to study
the mechanism behind their theranostic effect.
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