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We have previously developed a unique 8-amino acid Aβ42
oligomer-Interacting Peptide (AIP) as a novel anti-amyloid
strategy for the treatment of Alzheimer’s disease. Our lead
candidate has successfully progressed from test tubes (i.e.,
in vitro characterization of protease-resistant D-AIP) to
transgenic flies (i.e., in vivo rescue of human Aβ42-mediated
toxicity via D-AIP-supplemented food). In the present study,
we examined D-AIP in terms of its stability in multiple bio-
logical matrices (i.e., ex-vivo mouse plasma, whole blood, and
liver S9 fractions) using MALDI mass spectrometry, pharma-
cokinetics using a rapid and sensitive LC-MS method, and
blood brain barrier (BBB) penetrance in WT C57LB/6 mice. D-
AIP was found to be relatively stable over 3 h at 37 �C in all
matrices tested. Finally, label-free MALDI imaging showed that
orally administered D-AIP can readily penetrate the intact BBB
in both male and female WT mice. Based upon the favorable
stability, pharmacokinetics, and BBB penetration outcomes for
orally administered D-AIP in WT mice, we then examined the
effect of D-AIP on amyloid “seeding” in vitro (i.e., freshly
monomerized versus preaggregated Aβ42). Complementary
biophysical assays (ThT, TEM, and MALDI-TOF MS) showed
that D-AIP can directly interact with synthetic Aβ42 aggregates
to disrupt primary and/or secondary seeding events. Taken
together, the unique mechanistic and desired therapeutic po-
tential of our lead D-AIP candidate warrants further investi-
gation, that is, testing of D-AIP efficacy on the altered amyloid/
tau pathology in transgenic mouse models of Alzheimer’s
disease.

Amyloid-beta (Aβ) peptides are central to the pathogenesis
of Alzheimer disease (AD), based upon the discovery of pro-
tective and risk variants in the gene encoding the amyloid
precursor protein (APP) and other genes of the amyloid
response pathways (1, 2). Aβ peptides of varying length are
produced by the sequential, proteolytic processing of APP by
the beta- and gamma-secretases in the amyloidogenic pathway
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(3, 4). Notably, the 40-amino acid peptide (Aβ40) is most
abundant, whereas the 42-amino acid peptide (Aβ42) is most
prone to aggregate into amyloid oligomers and the main
component of senile plaques (5). In vitro and in vivo studies
have shown that soluble Aβ42 oligomers are highly toxic to
neuronal cells (i.e., impair synaptic function) and their con-
version and accumulation into fibrils is associated with pro-
gressive neuronal dysfunction and cognitive decline (6–8).
Studies investigating the structural and biochemical properties
of Aβ and tau have advanced our understanding of AD and the
associated pathology at the molecular level (9). In particular,
the pathological cascade of sporadic AD appears to be trig-
gered by impaired Aβ degradation and clearance (10).
Compared with the gold standard Aβ40/42 peptide ratio (i.e.,
indicator of amyloid deposition), which is currently used to
assess AD progression before cognitive symptoms appear (11),
other Aβ peptides and ratios (e.g., Aβ34 and Aβ34/Aβ42,
respectively) are emerging as earlier markers of reduced am-
yloid clearance in presymptomatic AD (12).

Multimeric, Aβ42-containing amyloid seeds are believed to
serve as starter molecules of the amyloid cascade (13), thereby
promoting the formation of plaque deposits in various areas of
the brain (2, 9, 14). These so called pathogenic “seeds” sup-
posedly form important anchor points that favor an elongation
process that assembles monomeric Aβ into larger oligomers
(15). As a putative therapeutic target, pathogenic Aβ seeds
already exist throughout the lag phase of protein aggregation
in the brain when the aggregation of minute amounts of Aβ
peptides presumably marks the beginning of AD (16). To
specifically target these seeds during the preclinical phase of
AD as a novel anti-amyloid strategy, we have been developing
a unique 8-amino acid Aβ42-oligomer Interacting Peptide
(AIP), a nonamidated version of the RGTFEGKF peptide (17).
We previously showed that AIP could render a population of
low-order Aβ42 oligomers nontoxic, thus suppressing the
formation of mature fibrils (18, 19). The peptide was more
stable against proteolysis when synthesized using D-amino
acids (i.e., D-AIP), yet retained the same functional properties
as its original L-amino acid counterpart (i.e., L-AIP) including
its direct interaction with the early Aβ42 aggregates (18).
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AIP possesses favorable anti-amyloid properties
Subsequently, our longitudinal in vivo study (19) used a
Drosophila melanogaster model, expressing human Aβ42 in
the eyes of the flies, to successfully demonstrate that (i) D-AIP
could penetrate the blood brain barrier (BBB) and prevent
Aβ42-mediated toxicity in the transgenic flies and (ii) the
continuous dosing with D-AIP had no adverse effect on the
survival rates or locomotion of WT or transgenic flies.

In the present study, we investigated the ex-vivo stability of
D-AIP as a nontoxic drug candidate in biological matrices
including mouse plasma, whole blood, and liver S9 fractions.
Progressing from short-term (0.5–24 h at 10, 30, or 100 mg/
kg) to long-term administration (30 days at 10 mg/ml), we also
determined the in vivo pharmacokinetic (PK) properties of D-
AIP by assessing the area under the curve (AUC), maximum
concentration reached (Cmax), time at which maximum con-
centration is reached (Tmax), elimination rate constant (λz),
elimination half-life (t½), apparent total clearance from plasma
after oral administration (CL/F), apparent volume of distri-
bution (Vd), and mean residence time (MRT). After the short-
or long-term oral doses of D-AIP were administered to male
and female WT (C57BL6) mice, D-AIP was quantified in the
plasma and brain homogenates at the designated time points
by LC-MS. Using MALDI-mass spectrometry imaging (MSI),
the spatial localization of label-free D-AIP was detected in
sagittal sections of the WT mouse brains to verify that D-AIP
could readily penetrate the intact BBB. Regarding the primary
and secondary nucleation events that promote amyloid
“seeding”, we also used complementary biophysical techniques
(thioflavin T (ThT) aggregation and transmission electron
microscopy (TEM) assays) to monitor the aggregation state of
synthetic Aβ42 peptides (freshly monomerized versus preag-
gregated) in the absence and presence of D-AIP. Collectively,
our present ex-vivo, in vivo, and biophysical data indicate that
D-AIP possesses favorable attributes that may attenuate am-
yloid and/or tau pathology in follow-up studies involving the
transgenic mouse models of AD.
Results

Ex-vivo stability of D-AIP in mouse plasma, whole blood, and
liver S9 fractions

Previously, we have shown that D-AIP, in contrast to L-AIP,
was stable toward proteolytic degradation in supplemented fly
food and D. melanogaster for up to 28 days (19). Here, we
investigated the stability of D-AIP in mouse plasma, blood, and
liver S9 fractions to determine its metabolic resistance toward
proteases and enzymatic activities in these matrices. For
example, to mimic oral administration events and assess the
first-pass effect of the liver on D-AIP, we incubated liver S9
fractions with D-AIP.

The stability of D-AIP was evaluated in pooled samples
taken from male and female WT (C57BL6) mice after D-AIP
was spiked and incubated at 37 �C for 1, 3 or 24 h in all three
biological matrices. The multi-time point aliquots were bio-
chemically processed and analyzed by MALDI-TOF mass
spectrometry. The relative peak intensities for control-only
PBS, protease-resistant D-AIP, protease-sensitive L-AIP, and
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a scrambled version of D-AIP (sD-AIP) were compared across
all MALDI-TOF spectra (Figs. 1, A–C and S1, A–C). The
stability of D-AIP at 37 �C over 24 h was greatest in whole
blood followed by plasma then liver S9 fractions. In contrast,
L-AIP was rapidly degraded in mouse whole blood as indicated
by the significantly reduced signal intensities at the earlier 1
and 3 h time points, and no L-AIP signal remained after 24 h at
37 �C in mouse liver S9 fractions. Signals for both D-AIP and
its sD-AIP decreased only two-fold over 24 h at 37 �C in
mouse whole blood, whereas larger three-fold or four-fold
decreases for D-AIP and sD-AIP were observed under iden-
tical conditions in mouse liver S9 fractions. Overall, a general
trend in reduced peak intensities was observed for all three
peptides at the 3 h time point, indicating biodegradability
when incubated in the liver S9 fractions as shown in Fig. S1C.
Generally, D-AIP appeared to be very stable in plasma and
blood matrices, which was anticipated because D-amino acid
peptides are known to be resistant against proteolysis (20).
Based upon the desirable ex-vivo stability of D-AIP in the
present study (i.e., long-term (24 h) exposure to blood and
liver enzymes at 37 �C), D-AIP likely represents an orally
administrable compound if it is similarly stable in vivo.
Plasma pharmacokinetics of D-AIP in C57BL/6 mice

To investigate the PK properties of D-AIP, we performed a
short-term, dose ranging study with C57BL/6 mice after single
oral dosing at 10, 30, or 100 mg/kg D-AIP. To quantify D-AIP
in the plasma obtained from the dosed male and female 7 to
9 weeks old C57BL/6 mice (n = 3), we developed a sensitive
and rapid biochemical LC-MS method (see Experimental
procedures) to help determine the final PK parameters
(Table 1). At 24 h postadministration, the AUC0–t values in
females were 261.11, 643.10, and 1928.30 ng h ml−1, whereas
the AUC0–t values in males were 270.86, 825.73, and
2041.98 ng h ml−1 after the single oral doses at 10, 30, or
100 mg/kg D-AIP, respectively. These doses yielded maximum
plasma drug concentrations (Cmax) in females of 48.41, 76.57,
and 372.25 ng ml−1 and in males of 41.52, 123.53, and
332.51 ng ml−1, respectively.

Cmax were reached in female plasma after 2 h with 10 and
30 mg/kg doses and after 0.5 h for the 100 mg/kg dose. Tmax in
males was reached after 2 h for the 10 mg/kg dose and 0.5 h for
higher doses, that is, 30 and 100 mg/kg. The elimination rate
constant (λz) in the females were 0.06, 0.10, and 0.21 h−1,
whereas the rates were determined to be 0.15, 0.21, and 0.24
h−1 in males at the 10, 30, and 100 mg/kg doses, respectively.
The t½ in the females were 11.92, 6.70, and 3.34 h, whereas the
values were 4.56, 3.23, and 2.91 h in males, respectively. The
CL/F of the D-AIP from plasma after respective oral doses
given to female mice were 30.04, 42.02, and 51.54 l h−1,
whereas the corresponding values for males were 35.81, 36.02,
and 48.79 l h−1. Vd values were 516.64, 406.00, and 248.74 l in
females after administration, whereas it reached 235.34,
167.76, and 204.84 l in the males, respectively. The values for
the MRT in the female mice were 14.34, 9.57, and 4.47 h,
however MRT values in males reached 6.42, 5.85, and 5.29 h



Figure 1A. Ex-vivo stability of AIP (941 m/z) in mouse plasma. PBS, D-AIP (RGTFEGKF), L-AIP (RGTFEGKF), or sD-AIP (EFRKFTGG) were spiked into mouse
plasma and incubated at 37 �C for 0 h (upper panel) or 24 h (lower panel). MALDI-TOF spectra showed that D-AIP was relatively stable in mouse plasma at
37 �C until 24 h, whereas the relative intensity of L-AIP diminished to about a third of the initial signal intensity under identical conditions.
AIP, Aβ42-oligomer interacting peptide; D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids; L-AIP, AIP (RGTFEGKF) synthesized using L-amino acids;
sD-AIP, scrambled version of D-AIP.

AIP possesses favorable anti-amyloid properties
after the respective doses. The D-AIP concentration-time
profiles in plasma show the absorption of D-AIP in the fe-
male (Fig. 2A) and male (Fig. 2B) C57BL/6 mice. The plasma
concentrations of D-AIP declined and reached baseline levels
after 24 h in both sexes and at all doses administered, thus
suggesting that D-AIP was distributed to tissues and elimi-
nated from the peripheral system over time. The significantly
higher values observed for the half-life, Vd and MRT in females
at lower doses is sex specific, whereas the overall values at
100 mg/kg were grossly the same for both sexes. At the highest
dose, 100 mg/kg, D-AIP achieved a steady state, which
seemingly triggered the elimination from the body, reduced its
MRT, plasma half-life and Vd and thus attenuated the differ-
ences observed between sexes at lower concentrations. The D-
AIP plasma profiles for all treated mice were similar in shape
with very few exceptions. Possible differences could be related
to physiological factors including sex-related drug metabolism.
In this study, all single doses of orally administered D-AIP
were well-tolerated with no detectable vital signs of abnor-
malities before or after the animals were terminated. When the
calculated AUC values (i.e., indicator of total systemic expo-
sure to D-AIP at each dose) were plotted as a function of the
doses, profiles for the male and female mice demonstrated a
similarly linear dependence (Fig. S2).
Brain concentration profiles of D-AIP in C57BL/6 mice

The BBB is a structural and functional semipermeable
border of endothelial cells between the interstitial fluid of the
brain and the blood. To evaluate the propensity of D-AIP to
cross the BBB, we determined the concentration of D-AIP in
mouse brains after the single oral dose treatments (10, 30, or
100 mg/kg) in female and male 7 to 9 weeks old C57BL/6 mice
(n = 3). Across the different time points, D-AIP concentrations
J. Biol. Chem. (2022) 298(1) 101483 3



Figure 1B. Ex-vivo stability of AIP (941 m/z) in whole blood. PBS, D-AIP (RGTFEGKF), L-AIP (RGTFEGKF), or sD-AIP (EFRKFTGG) were spiked into mouse
whole blood and incubated at 37 �C for 0 h (upper panel) or 24 h (lower panel). MALDI-TOF spectra showed that D-AIP was relatively stable in mouse blood
at 37 �C until 24 h, whereas the relative intensity of L-AIP was no longer detectable under identical conditions. AIP, Aβ42-oligomer interacting peptide; D-
AIP, AIP (RGTFEGKF) synthesized using D-amino acids; L-AIP, AIP (RGTFEGKF) synthesized using L-amino acids; sD-AIP, scrambled version of D-AIP.

AIP possesses favorable anti-amyloid properties
were determined in the prepared brain homogenates using our
sensitive LC-MS method. The D-AIP brain concentrations
reached their maximal values of 28.91 ng/g at 4 h, 136.29 ng/g
at 2 h, and 707.95 ng/g at 2 h in female mice after the 10, 30, or
100 mg/kg doses, respectively (Fig. 3A). The male mice
reached peak concentrations of 133.15 ng/g, 262.00 ng/g, and
509.24 ng/g D-AIP after the respective doses at 4 h, 2 h, and
0.5 h (Fig. 3B). At the highest 100 mg/kg dose administered,
the concentration profiles revealed that the transport of D-AIP
to the brain was faster in male mice (within 0.5–2 h), but its
subsequent elimination was gradual over 3.5 h (i.e., concen-
tration of 166.57 ng/g at 4 h time point). Surprisingly, D-AIP
levels rapidly decreased within only 2 h in female mice (i.e.,
concentration of 16.67 ng/g at 4 h time point). The more
efficient elimination of D-AIP from the brain of female mice
likely relates to sex-based differences in body physiology,
which were also noted in plasma concentration profiles
4 J. Biol. Chem. (2022) 298(1) 101483
(Fig. 2). Overall, the present data indicate that D-AIP peptides
enter and exit the CNS of mice of both sexes, likely by an
uncharacterized transport system(s) involving capillary endo-
thelial cells of the neurovascular unit.
Brain region distribution of D-AIP in C57BL/6 mice

To complement our quantitative LC-MS results, we also
examined the relative abundance and spatial distribution of D-
AIP uptake in sagittal brain sections using MALDI-MSI. Fe-
male and male C57BL/6 mice treated with a single oral dose of
PBS (control) or D-AIP (10 mg/kg) were sacrificed after 4 h,
and the brain sections were prepared for the MALDI tissue
imaging. Once the data was acquired, the appropriate mass
filter (D-AIP = 941 m/z) was applied to generate ‘heat maps’
depicting the relative intensity (low to high: blue to white) and
spatial localization of D-AIP within the sagittal brain sections



Figure 1C. Ex-vivo stability of AIP (941 m/z) in mouse liver S9 fractions. PBS, D-AIP (RGTFEGKF), L-AIP (RGTFEGKF), or sD-AIP (EFRKFTGG) were spiked
into mouse liver S9 fraction and incubated at 37 �C for 0 h (upper panel) or 24 h (lower panel). MALDI-TOF spectra showed that D-AIP was relatively stable in
mouse liver S9-fraction at 37 �C until 24 h, whereas L-AIP was degraded under identical conditions when its peak (941 m/z) was no longer detected. AIP,
Aβ42-oligomer interacting peptide; D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids; L-AIP, AIP (RGTFEGKF) synthesized using L-amino acids; sD-AIP,
scrambled version of D-AIP.

AIP possesses favorable anti-amyloid properties
at 50 μm resolution. For both female and male WT mice
(i.e., intact BBB), the representative MALDI-MSI results
(Fig. 4) showed that there was significant D-AIP distribution
Table 1
Pharmacokinetic parameters of D-AIP in plasma

Gender Female Male

Dose (mg/kg) 10 10
Pharmacokinetic parameters
AUC0–t (ng h ml−1) 261.11 270.86
AUC0–inf (ng h ml−1) 332.92 279.27
Cmax (ng ml−1) 48.41 41.52
Tmax (h) 2.00 2.00
λz (h

−1) 0.06 0.15
T1/2 (h) 11.92 4.56
CL/F (l h−1) 30.04 35.81
Vd/F (l) 516.64 235.34
MRT (h) 14.37 6.42

Values are obtained from average of three animals (n = 3).
The results in the table were obtained from plasma samples of the dosed (female and male)
D-AIP. Notably, in females, at lower doses are higher values for the half-life (T1/2), volum
higher dose in both sexes.
(i.e., intense green to pink colored heat map regions) along the
cortex to the hippocampus and thalamus structures. Between
the sexes, female brain sections exhibited higher D-AIP
Female Male Female Male

30 30 100 100

643.10 825.73 1928.30 2041.98
713.88 832.96 1940.09 2049.79
76.57 123.53 372.25 332.51
2.00 0.50 0.50 0.50
0.10 0.21 0.21 0.24
6.70 3.23 3.34 2.91

42.02 36.02 51.54 48.79
406.00 167.76 248.74 204.84

9.57 5.85 4.47 5.29

7 to 9 weeks old C57BL/6 mice at 10, 30, or 100 mg/kg after single oral (gavage) doses of
e of distribution (Vd), and mean residence time (MRT), which stabilized relatively at a

J. Biol. Chem. (2022) 298(1) 101483 5



Figure 2. D-AIP concentration-time profiles in plasma. Time-dependent alterations in D-AIP concentration in plasma after a single oral (gavage) dose of
10 mg/kg, 30 mg/kg, or 100 mg/kg was administered to 7 to 9 weeks old female (A) in shades of red and male C57BL/6 mice (B) in shades of blue. At seven
designated time points (0.5 h–24 h), plasma D-AIP concentrations were quantified by LC-MS after protein precipitation. The maximal plasma concentrations
of D-AIP were measured at 0.5 h after the single oral dose of 100 mg/kg in both sexes: 372.25 ng/ml in females and 332.51 ng/ml in males (average of three
mice (n = 3) in each group). D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids.

AIP possesses favorable anti-amyloid properties
intensity around the thalamus than the cortex or hippocampus
regions; the male brain sections exhibited D-AIP intensities in
the reverse order of hippocampus > cortex > thalamus. As
expected, the PBS-treated mice (negative controls) exhibited
low-intensity, blue-colored heat maps because there was no
signal for the 941 m/z mass filter in the absence of D-AIP.
Long-term administration of D-AIP in C57BL/6 mice

To avoid the pain and stress commonly associated with the
daily, long-term administration of therapeutic candidates to
transgenic mice by oral gavage, a continuous dose of D-AIP
(10 mg/ml in PBS) was provided ad libitum to female (n = 6)
and male (n = 6) C57BL/6 mice for a period of 30 days.
Delivered to the mice via sipper bottles, the total volume freely
consumed by the female mice was more than 20% greater than
the 30-days volumes consumed by the males (Fig. S3), yet the
plasma concentration of D-AIP measured in the female mice
(377.99 ng/ml) was lower than the male mice (428.59 ng/ml) in
the end (Fig. 5A). Notably, the nonaccumulation of D-AIP in
the plasma during the continuous 30-days dose provides
strong evidence of minimal plasma protein binding and
Figure 3. D-AIP concentration-time profiles in brain. Time-dependent alt
(gavage) dose of 10, 30, or 100 mg/kg was administered to 7 to 9 weeks old fem
designated time points, D-AIP concentrations were quantified by LC-MS (data
doses, D-AIP crossed the BBB and reached the brain of both female- and male
blood brain barrier.
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correlates with the absence of D-AIP toxicity in 28-day old
flies, as we have previously shown (19). The brain concentra-
tion of D-AIP (Fig. 5B) in female mice after 30 days (379.06 ng/
g) was higher than the corresponding measurements in the
male mice (204.32 ng/g). This finding likely reflects the pre-
viously marked difference in the volume of distribution (as
noted in Table 1) and the observed variance in the total vol-
ume of D-AIP consumed by the WT mice (i.e., females versus
males). Consistent with the pharmacokinetics for our short-
term D-AIP dosing, the continuous 30-days dosing provides
further evidence that D-AIP can readily penetrate the intact
BBB in WT mice.
Effect of D-AIP on Aβ42 aggregation and prevention of fibril
growth

Building upon our previously published data (18) where we
predicted that D-AIP interacts with low-order Aβ42 oligomers
at a ratio of 1:4 (i.e., one D-AIP molecule bound per tetramer
of Aβ42 peptide), we currently tested for time- and
concentration-dependent effects of D-AIP on multiple Aβ
aggregation states using complementary biophysical
erations in D-AIP concentration in brain homogenates after a single oral
ale (A) in shades of red and male C57BL/6 mice (B) in shades of blue. At the

represent average from three mice (n = 3) in each group). For all single oral
-treated mice. D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids; BBB,



Figure 4. Brain distribution of D-AIP. MALDI-TOF-MSI analysis of label-free D-AIP in sagittal brain sections of 7 to 9 weeks old female and male C57BL/6
mice single orally (gavage) dosed with PBS or D-AIP (10 mg/kg) and sacrificed 4 h postadministration. Representative images were acquired using MALDI-
TOF imaging technique, which confirms the successful entrance of D-AIP (single oral D-AIP dose of 10 mg/kg and PBS treated control) into different brain
regions of treated mice (indicated by intense, green to pink-colored heat maps versus almost uniformly blue-colored background heat maps in the control).
D-AIP is distributed across cortex, hippocampus, thalamus, and different other brain regions (for detected sex differences, see the text). D-AIP, AIP
(RGTFEGKF) synthesized using D-amino acids.

AIP possesses favorable anti-amyloid properties
techniques. By real-time ThT assays (Fig. 6), freshly mono-
merized Aβ42 (21) or preformed aggregates (24 h) were
coincubated with D-AIP for 24 h at three different D-
AIP:Aβ42 ratios (i.e., equimolar (1:1), four-fold (1:4), or ten-
fold (1:10) molar excess of Aβ42). In the absence of D-AIP,
binding of the ThT dye to Aβ42 resulted in positive fluores-
cence intensities at time zero which continued to further in-
crease (Fig. 6A) and/or plateau (Fig. 6B) over 24 h or 24 to
48 h, respectively. For freshly monomerized Aβ42 in the
presence of D-AIP, all three D-AIP:Aβ42 ratios considerably
attenuated the primary 24-h fluorescence increases compared
with control (Aβ42 only), but the 1:4 ratio appeared to be most
efficient (Fig. 6A). For the preformed Aβ42 aggregates in the
presence of D-AIP, all three ratios inhibited the secondary 24
to 36 h fluorescence increase (i.e., fibril growth/maturation)
Figure 5. Plasma and brain concentration of D-AIP after long-term
administration. Plasma and brain concentration of D-AIP (10 mg/ml) af-
ter a 30-days oral (sipper bottle) administration to 8-weeks old female and
male C57BL/6 mice. Plasma concentration (A) in female mice (in red) was
slightly lower than male mice (in blue) while in comparison with the brain
concentration (B), the male (in blue) had a lower brain concentration than
the female (in red). The marked brain concentration difference might be
because of the previously higher values in the volume of distribution of D-
AIP in the female mice or total volume consumed during the study period.
The data are average from six animals (n = 6). D-AIP, AIP (RGTFEGKF) syn-
thesized using D-amino acids.
when compared with the Aβ42-only control (Fig. 6B); after
36 h, there was a stoichiometric and saturable interaction
between ThT and amyloid fibrils, which is evident from the
plateaus of the in situ ThT fluorescence curves.

Complementary TEM analyses (Fig. 7) cross-validated that
D-AIP can inhibit the conversion of low-n Aβ42 oligomers
into mature fibrils (i.e., Fig. 7, A and B matches previous 1:20
result by Barucker et al. (18)). Specifically, long and branch-
like fibrils were observed after freshly monomerized Aβ42
was incubated for 24 h in the absence of D-AIP (Fig. 7A), as
compared with the short and sparse strand-like structures that
resulted when fibril maturation was attenuated in the presence
of D-AIP (Fig. 7B). We also observed that a similar 1:20 D-AIP
ratio can also inhibit the conversion of preformed Aβ42 ag-
gregates into densely packed mature fibrils (i.e., compare
Fig. 7, C and D). After monomerized Aβ42 was incubated for
24 h, fibril widths in the presence of D-AIP were enlarged (i.e.,
18 nm compared with 10 nm; Fig. 7E); after preformed Aβ42
aggregates were incubated for 24 h, there was no significant
difference between the resulting fibril widths at 48 h in the
absence or presence of D-AIP (i.e., approximately 8 nm). After
co-incubation for 24 h, we also used MALDI-TOF mass
spectrometry (Fig. 7, F–I) to detect the direct binding of D-AIP
to a variety of Aβ42 oligomers. Thus, the inhibitory effect of
D-AIP on early aggregation steps likely reflects its direct
binding to Aβ42 tetramers and pentamers and hexamers.
Discussion

We have previously shown in vitro that a small 8-amino acid
peptide (i.e., D-AIP) can (i) specifically “trap” a population of
low-order Aβ42 oligomers and render them nontoxic, as well
as (ii) suppresses the formation of mature fibrils (18). Using a
transgenic D. melanogaster model, we have also shown in vivo
that D-AIP can protect against Aβ42-mediated toxicity in a
28-days longitudinal study (19), which may serve as a novel
J. Biol. Chem. (2022) 298(1) 101483 7



Figure 6. Treatment of freshly dissolved or 24 h preformed aggregates with D-AIP. Freshly monomerized Aβ42 peptide (A) and aggregates of Aβ42 (B)
incubated at room temperature with or without D-AIP at a molar ratio of 1:1, 1:4, and 1:10 (D-AIP:Aβ42), respectively. D-AIP containing Aβ42 showed
characteristic stabilization of ThT fluorescence intensity, this suggested the inhibition of Aβ42 aggregation by D-AIP as shown in (A). On the other hand, (B)
revealed that D-AIP prevented secondary Aβ42 nucleation, in contrast to Aβ42 (control) which exhibited a steady increase in ThT fluorescence. Charac-
teristic initial decrease in the ThT fluorescence emission as shown in (B) during the first 0.5 h after transfer into the plate reader was because of the samples
equilibrating to the incubation temperature. D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids; ThT, thioflavin.

AIP possesses favorable anti-amyloid properties
therapeutic strategy to target amyloid pathology in AD
(Fig. S4).

To advance the development of our lead D-AIP candidate,
the present study examined the metabolic resistance of D-AIP
toward proteases and enzymatic activities in mouse plasma,
blood, and liver S9 fractions. Under the ex-vivo conditions
tested (i.e., 24 h at 37 �C), D-AIP appeared to be very stable in
the plasma and blood matrices, which likely reflects the
enhanced resistance of D-amino acid peptides to proteolysis
(20). The inherent instability of L-AIP under similar condi-
tions was expected because the peptides comprised L-amino
acids, which are more sensitive to enzymatic degradation
(18–20). To assess the potential of D-AIP as an orally
administrable therapeutic, our ex-vivo testing of D-AIP sta-
bility mimicked in vivo conditions because esterases, oxidases,
and peptidases are actively abundant in biological matrices
outside the liver, especially in the blood or plasma. Compared
with the time zero control, the decreased signal intensity for
D-AIP after 24 h at 37 �C in the liver S9 fractions likely re-
flected its enzymatic degradation by the D-amino acid oxidase
(D-AAO, EC 1.4.3.3), which is associated with oxidative
deamination and α-keto acids/ammonia end products in the
liver (22–24). Although D-AIP was stable and nontoxic in our
in vivo fly model (19), the natural ability of the liver to detoxify
foreign substances is a desirable effect to avoid any potential
long-term accumulation of D-AIP in the human body.

In the present preclinical study, our assessment of D-AIP in
male and female WT (C57LB/6) mice progressed from the
short-term PK (24 h administration) to its long-term admin-
istration (continuous 30-days dose). In the short-term study,
D-AIP exhibited favorable PK properties and BBB penetration
in both sexes after single oral doses of 10, 30, or 100 mg/kg.
D-AIP was well-tolerated at all dosages with no detectable
abnormalities in any of the mice before or after termination,
and the simplicity and noninvasiveness of oral D-AIP admin-
istration was highly advantageous compared with other routes
of administration (25). The calculated AUC values, which
measured the total systemic exposure of D-AIP across the
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different doses throughout the 24-h, short-term study, yielded
a linear relationship when plotted as a function of D-AIP
dosage in both sexes. The calculated maximum concentration
values in plasma (Cmax) as a function of dosage also yielded a
linear relationship in both sexes. Because the time at which
Cmax was reached (Tmax) was either 0.5 or 2 h in all cases, this
likely suggests that D-AIP was rapidly absorbed in the intestine
and transported to the blood stream for distribution to solid
tissues.

The Cmax values in both sexes as a function of dosage were
consistent with the measured Vd in the short-term study. In
both female and male mice, the relatively high Vd values across
all three doses highlight the propensity of D-AIP to leave the
plasma and enter the extravascular compartments of the body,
for example, cellular, interstitial, and lymphatic sub-
compartments as well as a specialized system containing
cerebrospinal fluid in the central nervous system. The Vd

values also suggest that D-AIP likely has relatively minimal
protein-binding properties, which allowed it to leave the
protein-rich plasma and distribute into tissues, consequently
reducing the plasma half-life of D-AIP as the dose was
increased. The relatively low molecular weight of D-AIP
(941 Da) may have also supported its passage through endo-
thelia gap junctions of the capillaries into interstitial fluids in
the body.

The Vd values for D-AIP indicate that its penetration into
brain may likely occur by passive diffusion, that is, movement
across cell membranes without the need for energy (26). To
avoid labeling D-AIP with traditional radioactive tracers (e.g.,
3-H and 14-C), we used label-free MALDI-MSI (27, 28) to
detect the relative abundance and spatial distribution of D-AIP
in the brain sections of the treated WT mice (versus non-
treated, PBS-only controls). Taken together, the PK data and
MALDI-MSI results support our mechanistic hypothesis that
D-AIP entry into the brain occurs by passive diffusion.

In the long-term study, the continuous 30-days dose of
D-AIP (at 10 mg/ml in PBS) provided additional evidence of its
nonaccumulation in the plasma, which may reflect its minimal



Figure 7. Interactions of D-AIP with Aβ42 aggregates. Transmission electron microscopy (TEM) images of Aβ42 with or without D-AIP and the quan-
tification of the fibril widths. A, freshly monomerized Aβ42 incubated for 24 h, (B) Aβ42 aggregates coincubated with D-AIP for 24 h, (C) freshly mono-
merized Aβ42 coincubated with D-AIP, (D) freshly monomerized Aβ42 incubated for 48 h, (E) representative chart for the quantification of fibril widths (Data
was analyzed using one-way ANOVA with Dunnett’s post-test. n.s. = non-significant, *p < 0.05, ****p < 0.0001). The lower panels are the MALDI-TOF MS
spectrums of residue of (F) incubated Aβ42 peptide and its enlarged view (G), which revealed only low order oligomers like the tetramers (18,060 m/z),
pentamers (22,497 m/z), and hexamers (27,008 m/z) of the Aβ42 peptide. Respective MALDI-TOF MS spectrum (H) represents the residue obtained after
Aβ42 aggregates were coincubated with D-AIP for 24 h and its enlarged view (I). The Aβ42 aggregates treated with 20-fold molar excess of D-AIP led to D-
AIP-bound Aβ42 oligomers with representative peaks at 18,982, 23,438, and 27,950 m/z. *All incubation conditions were at room temperature. The mass
spectrometry spectrums result as shown in (F) and (G) revealed that in the absence of D-AIP, the incubated Aβ42 alone only showed the masses of the low
number oligomers (tetramers, pentamer, and hexamer) respectively. On the contrary, D-AIP interacted with low-order oligomers as shown in (H) and (I), with
an approximate mass increase of about 940 Da in each case that represents that of D-AIP. D-AIP, AIP (RGTFEGKF) synthesized using D-amino acids.
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protein-binding property. Once again, D-AIP successfully
penetrated the intact BBB in both male and female WT mice
as evidenced by the brain concentrations measured. Notably,
the sex-based difference in the brain concentrations may relate
to the calculated Vd values, which suggested that D-AIP
reached a steady state in females considering the similarly
close plasma and brain concentrations that were measured in
the females.

Building upon our long-term focus on Aβ42 aggregation
and toxicity (21) and preliminary analyses of D-AIP (18, 19),
the present study provides added insights into the effect of
D-AIP on the three phases of Aβ42 aggregation (i.e., primary
nucleation, elongation, and secondary nucleation) (29) as well
as fibril proliferation. Based upon the tetramer being the
minimal unit required to meet the steric and spatial con-
straints to bind to the groove of low-order oligomeric forms
(2), we hypothesized that in the presence of Aβ42 tetramers,
the D-AIP:Aβ42 ratio of 1:4 would efficiently inhibit the im-
mediate aggregation of freshly dissolved Aβ42 peptides tar-
geting in statu nascendi produced oligomers (21).

Consistent with our previous molecular modeling and the
predicted preference of D-AIP to interact with low-order Aβ42
J. Biol. Chem. (2022) 298(1) 101483 9
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oligomers such as tetramers (18), the present ThT results
showed that the aggregation of freshly monomerized Aβ42
over 24 h was attenuated most effectively using a 1:4 M ratio of
D-AIP:Aβ42 (i.e., one D-AIP bound per Aβ42 tetramer).
Specifically, the primary nucleation phase (<10 h) was
impacted to similar extents at all three ratios tested, whereas
the 1:4 ratio was more effective at attenuating the subsequent
elongation and secondary nucleation phases between 10 and
24 h. The inhibitory effect of D-AIP on the early aggregation
steps is likely because of its binding to tetramers (18) as well as
pentamers and hexamers as supported by our present
MALDI-TOF data. This finding might also explain why the 1:4
and even higher 1:10 ratio effectively attenuated the subse-
quent nucleation of preformed Ab42 aggregates between 24
and 48 h.

In the absence of D-AIP, our complementary TEM images
revealed that mature, densely packed fibrils were formed after
Aβ42 was incubated for 24 h (10 nm diameters) or 48 h (8 nm
diameters). The presence of D-AIP impacted the subsequent
formation of mature fibrils when preaggregated Aβ42 was
incubated from 24 h and 48 h, such that the resultant
combination of stunted fibrillar and prefibrillar assemblies
exhibited enlarged fibril widths of approximately 18 nm. The
significantly increased fibril width suggests that the interaction
of D-AIP with preaggregated Aβ42 may be distinct compared
with the interaction of D-AIP with freshly monomerized
Aβ42.

Together, the biophysical results (complementary ThT and
TEM) support a mechanism in which D-AIP specifically tar-
gets oligomers (i.e., before larger aggregates are formed) by
blocking the inter- and intra-molecular forces required for the
formation of proto-fibrils. Our previous molecular modeling
(18) had indicated that the protonated N-terminus of D-AIP
(Arg1) makes H-bonds to Asp23 in Aβ42, thus interfering with
an essential Asp23-Lys28 salt bridge that is required to pro-
mote fibril growth (i.e., single Asp23 to Asn substitution within
Aβ42 abolishes the ability of D-AIP to inhibit mature fibril
formation). On the other hand, D-AIP prevented the second-
ary nucleation of Aβ42 most effectively at a 10-fold molar
excess of Aβ42 (1:10, D-AIP:Aβ42) in the ThT assay, thus
implying that D-AIP can also target the higher-order oligo-
mers (i.e., hexamers, octamers, and decamers) that are natu-
rally present in freshly monomerized Aβ42 solutions (21).
Thereby, D-AIP is likely affecting the secondary nucleation of
Aβ42 (defined as the formation of new nuclei catalyzed by
existing fibrils (30)) through its favorable penetration of the
glycine (Gly) groove of Aβ42 oligomers. As a result, D-AIP
could trap and neutralize accessible neurotoxic oligomers and
protofibrils. Overall, the formation of oligomers and fibrils is a
step-wise process, involving a rare nucleation event where a
susceptible monomeric Aβ form stable aggregates (15). The
Aβ deposition phase, which is generally defined as one without
clinical symptoms, may already be a reasonably late indicator
of a much earlier pathogenic seed formation and propagation
that presently escapes detection (16). Therefore, it is
advantageous that D-AIP seemingly has a destabilizing effect
on seeds either by inhibiting further aggregation or
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disaggregating them and thus arresting the further growth
process of fibrils.

There have been no new Alzheimer drugs approved for
almost 20 years (31), with the recent exception of aducanumab
(approved by FDA on June 7, 2021). This may be partly
because of the complexity of the disease, unmet needs for
effective therapeutics hindered by poor PK properties, toxicity,
and insufficient drug penetration of the BBB. Although other
therapeutic peptides have been designed against the central
region of Aβ (32, 33), D-AIP is advantageous in its ability to
target the hydrophobic, C-terminal region of Aβ42 (18). Other
peptides targeting toxic oligomers or fibrils (e.g., “D3” 12-mer;
(33, 34)) have been shown to create larger aggregates in the
process (which may elicit negative downstream effects),
whereas D-AIP uniquely does not. Therefore, our lead “amy-
loid trap”, D-AIP, provides a novel mechanism of action to
trap/neutralize toxic Aβ oligomers, a promising prophylactic
strategy to delay and/or prevent the onset of AD. Because low-
order Aβ42 oligomers are the major neurotoxic species before
Aβ accumulates into the high-order aggregates, which lead to
age-related dysfunction (e.g., progressive cognitive decline,
reduced immune function, and increased seizures with accel-
erated cognitive decline; (35–37)), D-AIP may provide an
innovative means to increase the efficiency of amyloid removal
as toxic Aβ42 oligomers are released from anti-amyloid,
antibody-antigen complexes, for example, therapeutic anti-
body aducanumab (38).

Conclusion

Our preclinical study demonstrates that D-AIP is a prom-
ising candidate for subsequent in vivo applications because (i)
it was stable toward proteolytic degradation in the biological
matrices tested and (ii) its favorable pharmacokinetics in WT
(C57BL/6) mice suggests it can be orally administered.
Moreover, the favorable BBB permeability of D-AIP and its
brain region distribution in WT mice overlaps with the key
regions impacted by AD pathology. Based upon its ability to
attenuate primary and/or secondary Aβ42 nucleation/aggre-
gation events to inhibit mature fibril formation, we anticipate
that D-AIP may provide a novel means to prevent and treat
early AD pathology. Future studies are warranted to examine
the efficacy of D-AIP in transgenic mouse models of AD,
overexpressing of APP and/or tau.

Experimental procedures

Peptides

Synthetic AIP (L- or D-amino acids, RGTFEGKF, 940.5 Da)
and scrambled AIP (D-amino acids, EFRKFTGG, 940.5 Da)
were produced by BioBasic. Freshly prepared AIP peptides
were solubilized at 1 mg/ml in deionized water, vortexed, and
then sonicated at 37 Hz and 100% power for 10 min at 4 �C.
Synthetic Aβ42 peptide was purchased from Bachem and
monomerized and solubilized, as described (18). Briefly, the
monomerized peptides were dissolved to 1 mg/ml in deionized
water supplemented with ammonia to a final concentration of
0.13% (measured pH 9.8). Before experiments, newly
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resuspended batches of AIP or Aβ42 peptides were diluted to
0.5 mg/ml in TA50 (0.1% (v/v) trifluoracetic acid: acetoni-
trile = 50:50) to verify their intact mass by MALDI-MS (Bruker
UltrafleXtreme system) and sequence by ESI-MS (Bruker
Impact II system).

Ex-vivo stability study

Whole mouse blood obtained from healthy C57BL/6 male
and female mice (six mice in total) were collected in lithium
heparin containing tubes, pooled, and stored at 4 �C before its
use. A fraction of the pooled blood was immediately centri-
fuged at 1500g for 10 min at 4 �C to obtain the plasma. The
whole blood and plasma samples were spiked with PBS (as
control) or AIP (L-AIP, D-AIP, or sD-AIP, respectively) to
make a final concentration of 1 μg/ml and incubated at 37 �C.
The initial samples were withdrawn to represent t = 0 before
incubation and others were withdrawn 1, 3, and 24 h,
respectively. Fresh mouse liver also obtained from C57BL/6
male and female mice were pooled, homogenized in 0.15 M
Potassium chloride (KCl), and centrifuged at 9000g. The su-
pernatant represents liver homogenate (S9) fraction, which
was mixed with other buffers to formulate the liver S9 mix, as
previously described (39). Liver S9 mix were spiked with AIP
to make a final concentration of 1 μg/ml (L-AIP, D-AIP, or sD-
AIP, respectively) and incubated at 37 �C. Just after the addi-
tion of NADPH, 100 μl aliquot which represents t = 0 samples
were withdrawn, and others were sampled accordingly at
predetermined time points. 400 μl of ice cold MeOH was
added to the spiked plasma, blood, or liver S9 fraction
respectively, to precipitate the microsomal protein. The sam-
ples were then vigorously mixed for 30 s to facilitate extraction
and centrifuged for 10 min at 13,000 rpm, the supernatant was
subjected to sample clean up by C18 ZipTip (EMD Millipore
Corporation), and the eluates were spotted with α-cyano-4-
hydroxy cinnamic acid (CHCA) matrix on the ground
steel MALDI-TOF target and analyzed with MALDI-TOF
MS. Applying the t = 0 peak area as 100%, the intensities of
the other time points were compared relatively for
interpretation.

Analytical procedure

An internal standard (IS) for the reliable quantification of
D-AIP in biological matrices was prepared by dimethylation to
produce an analog of D-AIP by using a protocol previously
described (40). Standard solutions (1 mg/ml) each of D-AIP
and IS were prepared in deionized water and 100% methanol
respectively. One hundred microliters of IS working solution
was prepared at 50 ng/ml added to 25 μl of the sample (plasma
or brain homogenate). The sample was vortexed for approxi-
mately 5 s and let stand for 10 min, then centrifuged at 16,000g
for 10 min. The supernatant was transferred to a 13 × 100
polypropylene tube and evaporated to dryness at 50 �C under
gentle stream of nitrogen. The dry extract was resuspended
with 40 μl of 0.1% (v/v) formic acid (Sigma Aldrich) in
deionized water and transferred to an injection vial for
analysis.
Instruments

Thermo Scientific TSQ Quantiva Triple Quadrupole mass
spectrometer was interfaced with the Thermo Scientific Ulti-
Mate 3000 XRS UHPLC system using a pneumatic-assisted
heated electrospray ion source. Data acquisition and analysis
were performed using Xcalibur 4.0.
Chromatographic conditions

Gradient elution was used with a Thermo Scientific
BioBasic-8 column (100 × 2 mm I.D. 5 μm) operating at 40 �C.
The initial mobile phase condition consisted of 0.1% formic
acid in acetonitrile and 0.1% formic acid in deionized water at
a ratio of 5:95, respectively, and this ration was maintained for
1 min. A linear gradient was applied from 1 to 5 min up to a
ratio of 50:50 and maintained for 1 min. At 6.1 min, the mobile
phase composition was reverted to 5:95, and the column was
allowed to equilibrate for 7.9 min for a total run time of
14 min. The D-AIP and IS eluted at 4.7 and 4.8 min respec-
tively at a fixed flow rate of 0.2 ml/min. The eluent was
diverted to waste for the first minute and last 6 min. The
extracted sample (5 μl) was injected, and the acquisition time
was set to 14 min.
Mass spectrometric conditions

The mass spectrometer was interfaced with ultra-HPLC
system using a pneumatic-assisted heated electrospray ion
source with detection in positive ion mode using multiple
ion monitoring. For proper optimization of the mass spec-
trometer, standard solutions of D-AIP and IS were infused.
The obtained source parameters were 50 and 15 arbitrary
units, respectively, while using nitrogen for the sheath and
auxiliary gases. The HESI electrode was set to 3500 V, and
capillary and vaporizer temperature were both set to 300 �C,
respectively. The MS/MS parameters were optimized using
the doubly charged species. Argon was used as collision gas
at a pressure of 2.5 mTorr. The precursor-ion reaction for
D-AIP were set to 471:4 → ½591:3þ648:3�, and for the IS,
the multiple ion monitoring transitions were set to
499:4 → ½425:8þ468:8þ476:8�.
Analytical quantification

Standard solution of D-AIP (1 mg/ml) was diluted in
various volumes of deionized water to obtain a series of
standard working solutions. Calibration standards were
prepared by fortifying the mouse plasma and mouse brain
homogenate with the standard working solutions at 10% (v/
v) to enable analytical concentration range of 1.00 to
1000 ng/ml. The method is linear using a linear regression
weighted 1/x analysis, and a value of R2 ≥0.9979 was ob-
tained for plasma and R2 ≥0.9991 for brain homogenate.
The samples were injected in duplicate with the calculated
in each case, and concentrations were processed from the
equation obtained from the respective calibration curves
using Xcalibur 4.0 software.
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Pharmacokinetics

Animal care and all animal experiments were undertaken
with federal guidelines and approval of the Institutional Ani-
mal Ethical Committee of McGill University (Protocol Appli-
cation Number: 2017-7880), and adequate measures were
taken to minimize pain or discomfort. C57BL/6 mice were
purchased from Charles River laboratories, a total of 144
healthy (7–9 weeks old) male and female (20–25 g) were
grouped accordingly and housed in polycarbonate cages, (three
mice per cage per sex) in air-conditioned rooms with a 12 h
light/dark cycle. The animals were allowed unlimited access to
drinking water and standard mouse chow during the study.
The animals (n = 3) were orally dosed with D-AIP using an
oral gavage at 10, 30, and 100 mg/kg respectively prepared in
PBS. The animals were euthanized with 5% isoflurane followed
by cervical dislocation. Blood collection (approximately 500 μl
each) in lithium heparin containing tubes (BD microtainer)
were by intracardiac puncture at 0.5, 2, 4, 6, 8, 12, and 24 h
postdose. Control animals were orally dosed with PBS and
euthanized, as described above, at 3 h postadministration. All
blood samples were centrifuged at 1500g for 10 min at 4 �C
and aliquots of plasma (approximately 0.5 ml) were immedi-
ately kept on dry ice and later stored at −80 �C before analysis.
The brains were surgically removed from all animals and
immediately frozen on dry ice before storage at −80 �C.
Pharmacokinetic parameters AUC, Cmax, Tmax, elimination
rate constant (λz), t½, CL/F, Vd, and MRT were calculated
using PKSolver, a freely available menu-driven add-in program
for Microsoft Excel written in Visual Basic for Applications, for
solving problems in PK.

Long-term administration of D-AIP

Animal care and all animal experiments were undertaken
with federal guidelines and approval of the Institutional Ani-
mal Ethical Committee of McGill University (Protocol Appli-
cation Number: 2017-7880) and adequate measures were
taken to minimize pain or discomfort. C57BL/6 mice were
purchased from Charles River laboratories, a total of 24
healthy (8 weeks old) male and female were grouped accord-
ingly and housed in polycarbonate cages, (three mice per cage
per sex) in air-conditioned rooms with a 12 h light/dark cycle.
The animals were allowed unlimited oral access to D-AIP
dissolved in PBS at a concentration of 10 mg/ml and standard
mouse chow for 30 days. In parallel, control animals were
provided with PBS for the same study time. The animals were
euthanized with 5% isoflurane followed by cervical dislocation
after the study. Blood collection (approximately 500 μl each) in
lithium heparin containing tubes (BD microtainer) was by
intracardiac puncture.

Matrix assisted laser desorption ionization mass spectrometry
imaging

For the MALDI imaging study, additional four mice (two
males and two females) were orally dosed either with PBS or
D-AIP (10 mg/kg) and sacrificed 4 h postadministration (at the
time maximum concentration was reached in the lowest dose),
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as described above. The frozen brains were stored at −80 �C
until needed for analysis. Serial sagittal brain sections (10 μm
thick) obtained using a cryostat (Leica Microsystems
CM1100), were thaw mounted onto an indium tin oxide-
coated glass slide (Bruker). The glass slides were removed
from deep freeze and immediately transferred to a vacuum
desiccator. After 12 h desiccation time, the slides were scanned
using a flatbed scanner (HP LaserJet 3055). The CHCA matrix
(10 mg/ml) was prepared in 50% acetonitrile containing 0.1%
trifluoroacetic acid. The matrix solution was sonicated for
10 min and centrifuged at 10,000 rpm for 10 min before
transfer to the ImagePrep (Bruker Daltonics). An automatic
spraying device that deposits matrix solution onto the tissue in
a consistent manner under controlled conditions, as previously
described (41). A standard solution of D-AIP (1 μg/ml) was
analyzed using MALDI TOF MS operated both at reflectron
and MALDI MS/MS (LIFT) modes respectively with the aid of
the UltrafleXtreme MALDI TOF/TOF 2 KHz smartbeam laser
(Bruker Daltonics) and FlexControl acquisition software ran in
positive ion mode. The instrument was calibrated using stan-
dard peptide mix spotted with CHCA matrix on the ground
steel target (Bruker Daltonics) for 500 to 1500 m/z. Each
spectrum was acquired from 500 laser shots. The LIFT ex-
periments were performed using a method optimized for the
drug by specific tuning of the timing of the LIFT cell and of the
precursor ion selector. The LIFT method was calibrated with
peptide calibration standards and also a standard solution of
D-AIP, as mentioned above. The tissue sections were imaged
with spatial resolution 50 μm. The MALDI images were pro-
cessed using the FlexImaging 4.0 software (Bruker Daltonics).

Thioflavin T assay

Freshly monomerized synthetic Aβ42 peptide was dissolved,
as previously described above. The final concentration was
verified by spectrophotometry, using a Synergy H1 multi-
mode microplate reader (BioTek; ε280 = 1490 M−1 cm−1 for
Aβ42) and adjusted if required by addition of 0.5% (v/v)
ammonia water. ThT solution was diluted in PBS (20 mM
Na2HPO4 and 150 mM NaCl, pH 7.4) in a threefold molar
excess to the desired Aβ concentration, before Aβ42 with or
without D-AIP were added as well, making up a final volume
of 300 μl. The measurements were performed in triplicates, for
which 100 μl of the solution were transferred per well on a
black Nunc Microwell 96-Well Optical-Bottom Plate (Ther-
moFisher Scientific). The controls were included for each
peptide concentration, containing the threefold concentration
of ThT but no peptide. The plate was sealed using protective
foil to avoid evaporation in the course of the measurement.
Fluorescence was measured at 485 nm upon excitation at of
450 nm every 5 min for a total of 40 h, at room temperature.
The control values were ultimately subtracted at each time
point for normalization.

Transmission electron microscopy

Aβ peptides were dissolved to 40 μM and incubated for 24 h
at room temperature with or without D-AIP at a ratio of 1:20
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(Aβ42:AIP). After 24 h incubation, a portion without D-AIP
was then added with appropriate amount of D-AIP (1:20) and
further incubated for another 24 h. Aliquots (4 μl) of matured
peptide solutions in all instances were applied to glow-
discharged carbon-coated copper grids (Electron Microscopy
Sciences, EMS300-Cu) and negatively stained with 2% aqueous
uranyl acetate, as described (42). The data was collected on a
FEI Tecnai G2 Spirit Twin electron microscope operated at
120 kV with a Gatan Ultrascan 4000 CCD camera at the Fa-
cility for Electron Microscopy Research at McGill University.
In an attempt to further characterize the structural state of the
Aβ42 aggregates interacting with D-AIP, immediately after
spotting on the glow-discharged carbon-coated copper grids of
the TEM in both experiments (i.e., coincubation of freshly
prepared Aβ42 with D-AIP and preformed aggregates with D-
AIP, respectively, as earlier described), the rest of the samples
were centrifuged at a speed of 13,000 rpm for 10 min, and
residue spotted with sDHB matrix on the polished steel
MALDI-TOF target for mass acquisition using linear positive
mode of the MALDI-TOF MS. The spectrums were acquired
using the MALDI-TOF MS to observe the current state of the
incubated Aβ42 with or without D-AIP.
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