
M
M
d

C
P
X
a

b

c

d

O

a

A
R
R
A
A

K
B
A
C
M
E

I

a
A
A
o
t
t
fi

c

h
1

Nano Today 35 (2020) 100965

Contents lists available at ScienceDirect

Nano  Today

jou rn al h om epa ge: www.elsev ier .com/ locate /nanotoday

ultifunctional  bioreactive-nanoconstructs  for  sensitive  and  accurate
RI  of  cerebrospinal  fluid  pathology  and  intervention  of  Alzheimer’s

isease

hunsheng  Hea,1,  Taksim  Ahmeda,1,  Azhar  Z.  Abbasia,1,  Lily  Yi  Lia, Warren  D.  Foltzb,
ing  Caia, Erin  Knockc,2,  Paul  E.  Fraserc,  Andrew  M.  Rauthd,  Jeffrey  T.  Hendersona,
iao  Yu  Wua,∗

Leslie Dan Faculty of Pharmacy, University of Toronto, 144 College Street, Toronto, Ontario, M5S 3M2, Canada
STTARR Innovation Centre, Department of Radiation Oncology, Princess Margaret Hospital, Toronto, Ontario, M5G  2M9, Canada
Tanz Centre for Research in Neurodegenerative Diseases, Department of Medical Biophysics, University of Toronto, Toronto, Ontario, M5T  2S8, Canada
Departments of Medical Biophysics and Radiation Oncology, University of Toronto, Princess Margaret Cancer Centre, 610 University Avenue, Toronto,
ntario, M5G  2M9, Canada

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 25 March 2020
eceived in revised form 5 August 2020
ccepted 25 August 2020
vailable online 11 October 2020

eywords:
ioreactive nanoconstruct
lzheimer’s disease
erebrospinal fluid pathology

a  b  s  t  r  a  c  t

Lack  of  sensitive  detection  of early  onset  and progression  of  Alzheimer’s  disease  (AD)  by  non-invasive
methods  limits  the development  and  implementation  of  therapeutic  interventions.  Given  that  cerebral
oxidative  stress  and  inflammation  occur  before  diagnosable  clinical  symptoms,  a multifunctional  thera-
nostic  nanoconstruct  (NC) system  has  been  developed.  It gains  entry  to  the  brain  by  a targeting  moiety,
binds  selectively  with  soluble  amyloid-�  (A�)  and  A�  plagues  via  a conjugated  anti-A�  antibody.  The  NC
is  activated  by endogenous  reactive  oxygen  species  (ROS),  enhancing  magnetic  resonance  (MR)  contrast
signals  in  disease-affected  areas.  It exhibits  superior  performance  in detecting  cerebrospinal  fluid (CSF)
pathology  in  an AD mouse  model  by MR  imaging.  Intravenously  injected  NCs  significantly  amplify  T1-
weighted  MR  signals  in the  CSF  by 1.51–2.24  fold,  nearly  proportional  to cerebral  concentrations  of  ROS
RI
arly-stage diagnosis and intervention

and  pro-inflammatory  cytokine  interleukin-1� (IL-1�).  The  NC-enhanced  CSF MR  signals  demonstrate
high  detection  sensitivity  (88.9  %)  and  specificity  (100  %)  even  at early-stage  AD.  Moreover,  the  NCs  pro-
tected primary  cortical  neurons  from  oxidative  stress  in  vitro  and  reduce  cerebral  ROS  and  IL-1�  levels
in  AD  mice  by  36  %–83  %. This  multifunctional  NC-based  technology  may  allow  for  early  detection  and
treatment  of  AD prior  to  cognitive  decline  when  therapies  may  prove  more  beneficial.

© 2020  Elsevier  Ltd.  All  rights  reserved.
ntroduction

Alzheimer’s disease (AD) is the most common cause of dementia
ffecting 40–50 million people worldwide, including ∼5.8 million
mericans [1]. Unfortunately the standard of care treatments for
D only manage symptoms, and currently there is no curative
r approved disease-modifying therapeutics for AD [2,3]. Despite

remendous efforts and expenditures so far, most clinical trials over
he past decades have failed to achieve meaningful clinical bene-
ts for AD [1,3–6]. Many contributing factors to such failures have
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been postulated to include variable origins and rates of disease pro-
gression, inappropriate therapeutic targets and patient selection,
late intervention, and suboptimal dosing [1,2,4,7]. Moreover, pres-
ence of the blood-brain barrier (BBB) limits efficient transport of
therapeutic agents into neocortex and deeper structures [3,5,8].
The late intervention of the disease is largely due to the lack of
a sensitive and accurate detection method for early stage AD [6,9].
Neurobiological changes in AD can occur much earlier than the cog-
nitive decline diagnosed by clinical methods. For example, changes
in cerebrospinal fluid (CSF) biomarkers, e.g. hyperphosphorylated
tau (p-tau) and amyloid �-42 (A�42) occur 15–20 years prior to
the clinical onset of AD [10,11]. However, clinical diagnosis of AD is
conducted in accordance with exclusion criteria by clinical symp-

toms (e.g. impaired memory and cognitive function) [1,10,12]. The
diagnostic sensitivity and specificity of these methods are relatively
low and are only definitive when identifying AD at its irreversible
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tages [2,10,12,13]. Therefore, for early detection and complemen-
ary imaging-based diagnosis of AD, fluid biomarkers (e.g. CSF A�42
nd p-tau) are measured. However CSF sampling is labor inten-
ive, costly, and invasive; it requires lumbar puncture at L3-L5
hich carries some risk of CNS injury infection. Therefore analysis

f CSF biomarkers by this method is not broadly practiced clinically
10,11].

Various imaging techniques have been applied to detect AD
on-invasively including positron emission tomography (PET),
ET/computed tomography (CT), single-photon emission com-
uted tomography (SPECT) scans and magnetic resonance imaging
MRI) [14–16]. PET scan measures metabolic changes using radio-
abeled fluorodeoxyglucose ([18F] FDG), or A� plaques by amyloid
racers such as Pittsburgh Compound-B (PiB). However, PET scan
equires use of expensive radioactive probes of limited availability
15,17]. In addition, high levels of A� plaques found in later stages
f AD may  not correlate well with AD dementia [17,18]. By con-
rast MRI  is a powerful tool for clinical assessment of patients with
uspected AD by measuring the volume and structural changes in
he brain [15,19]. Structural MRI  can determine atrophy of medial
emporal lobe, hippocampal, entorhinal cortex and subiculum, as
otential early indicators of future AD dementia risk [20,21].

To enhance MRI  signal, gadolinium (Gd) based contrast agents
re commonly used clinically. However application of Gd-based
ontrast agents have been linked to significant nephrogenic sys-
emic fibrosis in some patients, particularly those with severe renal
ysfunction [22]. Studies have also shown deposition of Gd in the
rain and bones can occur over an extended periods [23,24]. More-
ver the majority of current MRI  contrast agents possess poor
electivity and limited ability to penetrate the BBB for early and
ccurate detection of CNS/CSF biomarkers in AD [5,8,25,26].

Increasing evidence has shown that early events in AD are asso-
iated with hypoxia and oxidative stress [27,28]. Neuropathology
uch as neuro-inflammation induced by reactive oxygen species
ROS), e.g. H2O2, reportedly occur prior to overt amyloid plaque
ccumulation and cognitive AD progression [29]. In addition, ROS,
� oligomers and fibrils are known to activate microglia and astro-
ytes triggering the secretion of pro-inflammatory cytokines that
romote disease progression [30]. To circumvent ROS-induced
D progression, various antioxidants and anti-inflammatory drugs
ave been investigated [31], but with limited success [1,5,8,32].

In light of early signs of oxidative stress, inflammation and neu-
otoxicity of soluble A� oligomers in AD brains, we developed
n anti-A� antibody (aA�)-conjugated, brain-targeted (BT), and
OS-activatable (RA) MnO2 nanoparticle (MnO2-NPs)-containing
anoconstruct (NC) (aA�-BTRA-NC) (Fig. 1a). The multifunctional
A�-BTRA-NCs can effectively cross the BBB, selectively accumu-
ate in A�- and ROS-affected brain tissue (Fig. 1b), react with or
reak down endogenous H2O2 to produce O2 [33,34], and release
aramagnetic manganese ions (Mn2+) in situ enhancing local MRI
ontrast (Fig. 1c). Meantime, the multifunctional polymer can
imultaneously bind with soluble A� oligomers or A� plaques via
he conjugated aA� and complex with free Mn2+ ions via the car-
oxylic groups, thereby enhancing MRI  contrast in relation to the

evel and location of ROS and A� pertinent to disease stage (Fig. 1c).
wing to the consumption of H2O2 and production of O2, the aA�-
TRA-NC is expected to reduce local oxidative stress and hypoxia
hat are detrimental to neurons.

aterials and methods
ynthesis of BTRA-NCs and aAˇ-BTRA-NCs

A brain targeted polymer (BTP) was synthesized by grafting
olymerization of poly(methacrylic acid) and polysorbate 80 (PS
ano Today 35 (2020) 100965

80) onto starch [35]. Anti-A� antibody 4G8 conjugated-BTP (aA�-
BTP) was  prepared by EDC/ N-hydroxysuccinimide (NHS) coupling
of 4G8 with the BTP. Briefly, 500 mg  of purified BTP, 100 mg  of EDC,
and 100 mg  of NHS were dissolved in 10 mL  of distilled de-ionized
water (DDIW, Milli-Q water, MilliPore Canada Ltd, Etobicoke, ON,
CA) and allowed to react for 2 h at room temperature. Antibody
(4G8) solution (100 �L, 20 mg  mL-1, PBS, pH 7.4) was  added to
the activated BTP solution and allowed to react at 37 ◦C for 24 h.
The product solution was  neutralized to pH 7.4 using 0.1 N NaOH,
and purified by extensive re-suspending and filtered by Nanosep®

300 K Omega centrifuge filters (Sigma-Aldrich, Canada). The puri-
fied product was then lyophilized and stored in a desiccator at
4 ◦C. Brain targeted and ROS activatable nanoconstructs (BTRA-
NCs) and anti-A� (aA�)-BTRA-NCs were prepared using a facile
“one-pot” synthesis method shown schematically in Fig. 1a. Briefly,
100 �L of KMnO4 in DDIW (4.8 w/v%) and 220 �L of poly(vinyl alco-
hol) (PVA) in DDIW (0.5 wt%) were mixed in a 15 mL  conical tube
and heated to 52 ◦C for 4 min  to produce small precursor MnO2.
Then ethyl arachidate (15 mg)  was added and stirred for another
4 min  to form a crude emulsion, to which 15 mg  of BTP (or 16 mg
of 4G8-BTP) dissolved into 200 �L of DDIW was  introduced. The
mixture was sonicated for 3 min  using a Hielscher UP 100H probe
ultrasonicator (Ringwood, NJ, USA) at 80 % peak amplitude. The
resultant nanoemulsion was  then quickly transferred into dextrose
solution (5 wt%) being stirred on ice and topped up to 1 mL.  The pro-
duced NC emulsion was then purified by extensive re-suspending
and filtered by Nanosep® 100 K Omega centrifuge filters (Missis-
sauga, ON, CA). The completion of KMnO4 conversion to MnO2-NPs
and self-assembly into the PVA-lipid matrix-BTP was  confirmed by
ultraviolet-visible (UV–vis) spectrophotometry analysis (Supple-
mentary Information (SI), Fig. S1a) and XPS (X-ray photoelectron
spectroscopy), Figs. 2b & SI, S1b). The final concentration of MnO2
in the suspension was  determined to be 30 mM via inductive
coupled plasma atomic emission spectroscopy (ICP-AES, Optima
7300 DV ICP-AES, PerkinElmer Ltd, Boston, MA, USA) analysis.
The produced suspensions were stored at 4 ◦C and further diluted
with cell medium or sterile saline for in vitro and in vivo studies,
respectively.

MR imaging of brains of AD mice of various ages and age-matched
wild-type mice

In vivo MRI  of mouse brains were performed using a 7 T micro-
MRI  (BioSpec USR, Bruker, Ettlingen, DE) equipped with the B-GA12
gradient coil, 7.2 cm inner diameter linearly polarized cylindrical
volume coil for radiofrequency (RF) transmission, and a dedi-
cated murine brain receive-only RF coil for MR  signal reception.
Mice were anesthetized by breathing 1.8 % isoflurane and imaged
in prone position on a custom slider bed. A pneumatic pillow
fixed above the thorax/abdomen provided a signal for respira-
tory monitoring (SA Instruments, Stony Brook, NY, USA). Mice
were also prepared via tail vein cannulation with a 27 G needle
and a precision line to enable automated contrast agent injec-
tion following mouse positioning at system isocenter (Harvard
Apparatus, Holliston, MA,  USA). At baseline and at time-points
of approximately 0, 30, 60, 90, and 120 min  post-injection, high
resolution 3D T1-weighted image sets were acquired without mov-
ing the mouse (3D-FLASH, TE/TR = 4.5/75 ms,  320 × 320 × 40 matrix
over a 19.2 × 19.2 × 10 mm field-of-view for 60 × 60 × 250 �m spa-
tial resolution; 75 kHz readout bandwidth; 32 min  acquisition

time). Quantitative measurements were performed in registered
manually-segmented brain cortex, hippocampus and CSF regions-
of-interest (ROIs), using MIPAV software (National Institutes of
Health, Bethesda, MD).
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Fig. 1. a) Schematic diagram depicting the process of conversion of KMnO4 into MnO2-contaning nanoconstruct by self-assembly using BTP and lipid in “one-pot”. b)
Schematic illustration of the BBB-crossing mechanisms of aA�-BTRA-NCs in healthy and AD brain and inflammatory microenvironment of AD site where there exist elevated
levels  of ROS (e.g. H2O2) and inflammatory cytokines (e.g. IL-1� and TNF-�). In healthy brain, the NCs cross the BBB via transcytosis mediated by low density lipoprotein
receptor  (LDLR). In the inflammatory AD brain, the NCs can also enter brain parenchyma via leaky vessels. c) Schematic diagram showing the effect of MnO2 carried by
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A�-BTRA-NCs on O2 generation, MRI  contrast enhancement and ROS attenuation
enerating Mn2+ ions locally. The multifunctional aA�-BTP can bind with soluble
nterleukin 1 beta; TNF-�: tumor necrosis factor-alpha.

esults and discussion

The novel multifunctional polymer-lipid-inorganic hybrid NC
i.e., BTRA-NC) were prepared using a facile and easily scaled-
p “one-pot” synthesis method. The inorganic MnO2-NPs were

enerated by reducing KMnO4 with PVA in an aqueous medium,
o which melted lipid was introduced to form a MnO2-NPs-lipid
rude emulsion. The hydrophobic interaction between BTP and the
ipid domain led to the formation of the NCs upon cooling with
aA�-BTRA-NCs accumulate at A� plaque area and react with the ROS (e.g. H2O2),
and A� oligomers in the CSF or transport them to CSF from other areas. IL-1�:

a monolithic-matrix structure by self-assembly (Figs. 1a, S1). The
polysorbate 80 (PS80) in BTP protrudes outward stabilizing the
NCs in plasma and facilitating BBB-penetration (Fig. 1b). To target
soluble A� oligomers and A� plaques, BTP is functionalized with
anti-A� antibody at a 3.3 wt % grafting ratio to the polymer (SI).

UV–vis spectroscopy and XPS confirmed PVA converted KMnO4 to
MnO2 (Figs. 2b and S1a–b). The resultant BTRA-NCs and aA�-BTRA-
NCs were 66–69 nm in diameter, with polydispersity indices (PDI)
of 0.26–0.27, and zeta potential of approximately −50 mV  (Figs. 2a,
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Fig. 2. a) Summary of particle size, PDI, Zeta potential, representative TEM images and relaxivity (r1) of NCs. b) XPS Mn3s spectra of BTRA-NCs. c) O2 generation by addition
of  H2O2 to aA�-BTRA-NCs suspensions in saline or growth medium. d) Top: Representative T1-wt  MR  images of aA�-BTRA-NCs alone, or aA�-BTRA-NCs+H2O2 (500 �M)  at
7  T. Bottom: Relaxation rate 1/T1 vs.  Mn  concentration plots. e) Top: CD spectra of aA�,  aA�-BTP and aA�-BTP after heating and sonication (aA�-BTP H&S). Bottom: Percent of
soluble A�1-42 peptide adsorbed by BTRA-NCs and aA�-BTRA-NCs. f) Top: Representative in vivo optical images of TgCRND8 mouse following i.v. injection of NCs at various
time  points. Bottom: Ex vivo brain images and quantitative results for fluorescent intensity recorded at 120 min  post treatment. g) CLSM images of brain sections from Tg
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ouse  at 120 min  post treatment. A� plaques are shown as orange; and NCs (gree
etermined by Pearson’s correlation coefficient (PCC). i) TEM images of Tg mouse b
round  plaque areas. Scale bars =2 �m.  All results are expressed as mean ± standard

2a–b). Transmission electron micrographs (TEM) portrayed NCs in
niform spherical shape (Fig. 2a). The NCs were stable for over 48 h
t 37 ◦C in 50 % fetal bovine serum (FBS) (Fig. S2c–e). The reactivity
f NCs towards H2O2 to generate O2 was confirmed in both saline
nd cell culture media (Fig. 2c). In vitro MRI  showed 5.6–5.7-fold
ncrease in T1 relaxivity (r1) in the presence of H2O2 due to the
onversion of MnO2 to paramagnetic Mn2+ ions (Figs. 2d, S2f–g).
oth BTRA-NCs and aA�-BTRA-NCs showed 3.5-fold higher r1 val-
es (16.6 – 16.7 mM−1 sec−1, Figs. 2a & d, S2g) compared to the
ommercially available gadolinium (Gd) based MR  contrast agent,
ADOVIST® 1.0 (4.7 mM−1-sec−1).

Far UV circular dichroism (CD) spectra of purified aA�-BTP in
olution with or without exposure to NC synthesis conditions (heat

nd sonication, H&S) were identical to that of freshly prepared
olution of aA� antibody (Fig. 2e). These results suggest that the
econdary structure of aA� was well preserved during the chemi-
al reaction and NC preparation. A strong binding of aA�-BTRA-NCs
hite arrow indicates the NCs). h) Degree of co-localization of NCs and A� plaques
ections at 120 min  post NCs treatment. Red arrows show the accumulation of NCs
ation (SD) (n = 3).

with soluble A� was  demonstrated by an absorption test which
showed >10-fold of A�1-42 peptide removed from the medium by
aA�-BTRA-NCs than the non-targeted BTRA-NCs (Fig. 2e).

The effect of aA�  conjugation on NC-crossing the BBB was eval-
uated using an in vitro 3D-human BBB model assay. Cyanine 5.5
(Cy5.5)-labeled BTRA-NCs or aA�-BTRA-NCs were introduced to
the apical side of the transwell and fluorescence intensity in the
medium on the basolateral side was  measured using fluorescence
spectroscopy. Both BTRA-NCs and aA�-BTRA-NCs permeated >10
% of the administered dose after 30 min  (Fig. S2h), indicating that
aA� conjugation did not adversely affect BBB-crossing capability
of the NCs. The binding affinity of aA�-BTRA-NCs with A� after
in vitro BBB-crossing test was  confirmed by incubating aA�-BTRA-

NCs collected from the basolateral side of the transwell with Tg
mouse brain cryo-sections. Co-localization of aA� antibody stain-
ing (green), Cy5.5 labeled aA�-BTP or aA�-BTRA-NCs (red) with A�
plaques (resorufin staining, orange) for all formulations was shown
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y confocal laser scanning microscopy (CLSM) of brain tissue slices
Fig. S2i).

Nanocarrier based receptor-targeting approaches have shown
otential in delivering therapeutic agents across the BBB
5,26,36–38]. It has been reported that adsorption of apolipoprotein

 (ApoE) from the plasma onto the surface of NPs facilitated their
BB-crossing via low density lipoprotein (LDL) receptor-mediated
ranscytosis [38–44]. To test the hypothesis that ApoE decoration
s critical for NCs to cross the BBB (Fig. 3a), we first confirmed
dsorption of ApoE onto BTRA-NCs using sodium dodecyl-sulfate
olyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S3). We  then

nvestigated extravasation of the BBB-impermeable dye Hoechst
3342 and fluorescein isothiocyanate (FITC)-labeled BTRA-NCs. The
TRA-NCs with or without incubation with ApoE (BTRA-NC (+/-)
poE) were injected intravenously (i.v.) into ApoE knockout (KO)
ice, while BTRA-NCs without ApoE treatment were injected into

ormal C57BI6J mice (Fig. 3). The CLSM images of brain tissue
ections showed that the BTRA-NCs without ApoE incubation (Dye-
C(-)ApoE) stained parenchymal cell nuclei (blue) in normal mice,
hile only ApoE treated BTRA-NCs (Dye-NC(+)ApoE) could stain

he cells in the ApoE-KO mouse brain (top two  panels, Fig. 3b).
n these panels labeled nuclei were identified as distal to local
lood vasculature (identified via Texas Red-dextran infusion) and
ITC-NCs in the brain tissue were outside of blood vessels (green,
ig. 3b). In contrast untreated BTRA-NCs (Dye-NC(-)ApoE) or free
poE plus free dye remained confined within blood vessels as evi-
enced by co-localization of blue (nuclei) and red (blood vessels)
taining and an absence of blue nuclei in the brain parenchyma
f ApoE-KO mice (Fig. 3b). Quantification of FITC and dye positive
abeling outside of brain blood vessels further confirmed signif-
cantly higher BBB-penetration and extravasation of BTRA-NCs

ith ApoE than without NP constructs lacking ApoE in ApoE-KO
ice (Fig. 3c, d). These results demonstrate that the BTRA-NCs

re able to extravasate from brain microvasculature to deliver a
BB-impermeable agent into the CNS. The results further verify
hat BTRA-NCs cross the BBB through a mechanism that involves
dsorption of ApoE from plasma and receptor-mediated transcy-
osis through brain vascular endothelial cells across the intact BBB
39,40,43,44].

The selective targeting of aA�-BTRA-NCs in AD brains and A�
laques was evaluated by in vivo and ex vivo fluorescence imaging
nd CLSM as compared to BTRA-NCs in six-month old TgCRND8
D (Tg) mice, a murine model for AD [45]. Much higher accu-
ulation and retention of aA�-BTRA-NCs in the AD brains were

ound (Figs. 2f–h, S4a–b), with 10-fold higher fluorescence inten-
ity in the brain tissue 120 min  following treatment than BTRA-NCs
Fig. 2f). The CLSM of ex vivo brain sections revealed that more FITC-
A�-BTRA-NCs (green) accumulated within A� plaque regions
orange), or with closer proximity than FITC-BTRA-NCs (Fig. 2g).
earson’s correlation coefficient (PCC) of green (NCs) and orange
A� plaques) pixels was found to be 0.65 for aA�-BTRA-NCs and
.1 for BTRA-NCs, respectively (Fig. 2h), demonstrating the abil-

ty of aA�-BTRA-NCs to target A� plaques. TEM images further
onfirmed more aA�-BTRA-NCs (black dots) than BTRA-NCs accu-
ulated within A� plaque regions in the AD brain tissue (Fig. 2i).

mmuno-histochemical (ICH) analysis of the hippocampus region
f Tg mouse brain revealed a deposition of aA� from the aA�-
TRA-NCs in brain parenchyma outside of blood vessels (Fig. S4c).
hese results verified that the anti-A� antibody retained bioactiv-
ty in vivo and enabled selective accumulation of aA�-BTRA-NCs in
�-rich brain tissue.

The potential of aA�-BTRA-NCs for non-invasive MRI  detection

f early stage and progression of AD was assessed using 3-, 6- or
-month old Tg mice or age-matched wild-type (WT) littermates.
RI  scans were performed prior to treatment (baseline) and at 30,

0 and 120 min  after i.v. administration of aA�-BTRA-NCs. MRI  sig-
ano Today 35 (2020) 100965 5

nals acquired as early as 30 min  post aA�-BTRA-NC injection were
significantly enhanced in CSF, cortex and hippocampus of Tg mice.
In contrast, the commercially available Gd-based contrast agent
GADOVIST® 1.0 produced minimal signal enhancement at the same
dose (Fig. S5).

The T1-wt MR signals in the regions of cortex, hippocampus, and
CSF were normalized against their own  baselines and plotted as
a function of mouse age and time post NC injection (Fig. S6a–d).
Little change in the signals was observed with time and age in
WT mice, while signal enhancement in Tg mice was detected as
early as 3-months of age and increased with mouse age, indicating
greater disease severity (Fig. S6a–d). In hematoxylin and eosin (H &
E) stained brain sections with labeled A� plaques (brown dots), the
plaques could hardly be visualized in the 3-month old Tg mouse
brain, while their density profoundly increased at 6- and 9-months
of age (Fig. 4 a). This result is consistent with a previous report on
age-dependent amyloid deposition in Tg mice that A�42 content
increased ∼70-fold from 115 to 728 ng/g of brain at 2.5 months to
12,476–29,260 ng/g of brain at 6.5 months of age [46].

The T1-wt signal enhancement in the cortex and hippocampus
area exhibited a strong dependence on the post NC-injection time,
while the signal in the CSF was  nearly independent of the time from
30 min  to 120 min (Fig. S6a–d). The gradual increase in the signal
in cortex and hippocampus areas may  be due to slow penetration
of NCs through the brain tissue and conversion of MnO2 into Mn2+

ions. In contrast, the rapid appearance of a strong signal in the CSF
may  suggest easier transport of NCs and greater availability of ROS
and A� oligomers in the CSF compared to other areas. Moreover,
dissolved aA�-BTP with capability of binding both A� oligomers
through the antibody and Mn2+ via poly(methacrylic acid) chains
in the BTP, as confirmed by differential pulse voltammetry (Fig. S7),
could magnify the MRI  signal in CSF where soluble A� oligomers
exist. The dual binding affinity of aA�-BTP can also reduce free Mn2+

ions and soluble A� levels in the brain and CSF, diminishing their
toxic effects [33].

To balance the cost of imaging preparation time and sufficient
MRI  signal enhancement, images acquired 60 min  after injection of
aA�-BTRA-NCs were selected for further analysis. The normalized
T1-wt signal enhancement in CSF was the strongest among three
investigated areas, increasing >1.5-fold (1.51, 1.65, and 2.24 for 3-,
6- and 9-months of age, respectively) from the baseline, while only
1.05–1.16/1.21-fold increases were found in hippocampus and cor-
tex areas (Fig. 4c–e). The enhanced signals in the CSF for all age
groups were significantly different from those in the WT  mice (p
= 1 × 10−5–4 × 10-7); the differences were statistically significant
between 6-months and 9-months of age (p = 0.005) and between
3-months and 9-months of age (p = 0.0003) (Fig. 4c). In contrast,
statistically different signal enhancement in the cortex and hip-
pocampus was only found between 9-month old Tg mice and WT
mice (p = 0.003) (Fig. 4d–e). These results demonstrate that non-
invasive MRI  of CSF pathology enabled by aA�-BTRA-NCs has the
potential to determine different stages of AD pathology.

The data acquired at 60 min  post injection were further used
to calculate diagnostic sensitivity (true positive rate) and speci-
ficity (true negative rate) [47]. As summarized in Fig. 4f, the MR
signal enhancement in CSF exhibited the highest diagnostic sensi-
tivity (88.9 %, 95 % CI) in Tg mice and specificity (100 %, 95 % CI) in
WT  mice regardless of mouse age, followed by those in hippocam-
pus (sensitivity 85.7 %–88.9 %; selectivity 77.8 %–100 %) and cortex
(sensitivity 83.3 %–87.5 %; selectivity 70.0 %–87.5 %) increasing with
mouse age. The lowered sensitivity and selectivity for hippocam-
pus and cortex may  also be related to the slow penetration of NCs

through the brain tissue and conversion of MnO2 into Mn2+ ions
with the gradual increase in signals, resulting in a lower signal-to-
noise ratio. We  postulate that once NCs reach inflammatory regions
of brain, the reaction of ROS with NCs together with their metabolic
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Fig. 3. a) Schematic diagram depicting BTRA-NCs with recruited apolipoprotein E facilitating LDLR-mediated BTRA-NC across the BBB. b) CLSM images of healthy C57BL6j
and  ApoE-Knockout (KO) mouse brain sections following the treatment with different formulations (Y-axis legend). Two hours post i.v. injection of the formulations, blood
vessels  were labeled by i.v. administration of Texas Red-dextran 15 min  before euthanasia. Hoechst 33342 dye-labeled cell nuclei appear blue. Texas Red-dextran and FITC
appears as red and green, respectively. Arrows indicate representative FITC-labeled NCs. Scale bar corresponds to 20 �m for all images. c) Quantification of FITC-labeled NCs
and  d) Quantification of Hoechst 33342 positive areas outside of blood vessels. Fifteen stacks from 3 mice were examined. p values indicate statistically significant difference
as  compared to Dye-NC(-)ApoE treated groups. Error bars indicate the standard deviation of three independent experiments (n = 3).
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Fig. 4. a) H&E staining of typical brain sections of WT mice and Tg mice of different ages (3-, 6-, and 9-months). b) Representative in vivo T1-wt MR images of brains of WT
mice  and Tg mice of different ages acquired before (baseline) or 60 min  after aA�-BTRA-NC treatment. c-e) T1-wt MR signal enhancement relative to baseline in different
brain regions at 60 min  post-injection (c: CSF, d: cortex, e: hippocampus regions) for Tg mice at different ages. WT littermates at different ages were combined into one group
due  to the minimal and similar MR contrast enhancement after aA�-BTRA-NC treatment. Data are presented as mean ± SD (n = 8). f) Diagnostic sensitivity and specificity
by  aA�-BTRA-NC-enhanced MR signals for Tg mice (95 % CI: 95 % confidence interval). g) ROS levels indicated by DHE (dihydroethidium) fluorescence intensity in the brains of
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egradation resulted in small polymer/lipid NCs fragments carry-
ng Mn2+ ions which could bound to soluble A� in CSF generating
igher sensitivity and selectivity. These results indicate that non-

nvasive MRI  of CSF pathology enabled by aA�-BTRA-NCs can detect
efinitive signs of an incipient early AD pro-inflammatory pro-
ess(es) in living subjects.

To verify whether the enhanced MR  signal in the CSF is actu-
lly reflective of Mn2+ ions bound with soluble A� and can be
orrelated with A� content in the CSF, direct assay of Mn  and A�
n the CSF is necessary. However, we have found that under the
urrent experimental conditions, it is difficult to collect a suffi-
ient amount of CSF from the Tg mice for the quantitative analysis.
xpansion of the scope of this study in larger animal models is thus
eing pursued to evaluate the applicability of the NCs in clinical
ranslation.

The protection of mouse cortical neurons from oxidative stress
nd suppression of oxidative stress by A�-BTRA-NCs were also
nvestigated. A dose-dependent cytotoxicity study indicated that
A�-BTRA-NCs were non-toxic to primary cortical neurons up to
0 �M of Mn  (Fig. S8a), while H2O2 significantly reduced cell viabil-

ty (Fig. S8b). Introducing aA�-BTRA-NCs (5 or 15 �M)  to neurons
reated with 50 �M H2O2 raised cell viability by 20 % and 30 %,
espectively (Fig. 4j). CLSM showed that 15 �M aA�-BTRA-NCs
id not alter neuronal morphology, instead, protected the neurons
rom H2O2-induced neuronal damage (Fig. 4k). Total cerebral ROS
evels before and after NC treatment in Tg and WT  mice were mea-
ured. The ROS level in untreated Tg mouse brains was  18.7 %, 30 %
1.3-fold) and 60 % (1.6-fold) higher than those in the WT  mice at 3-,
- and 9-month of age, respectively (Fig. 4g). This result supports
he hypothesis that higher cerebral ROS (H2O2) levels enhance MRI
ontrast with age by greater production of Mn2+ ions in addition to
eakier vessels at older ages (Fig. 4b–c). After aA�-BTRA-NC treat-

ent the cerebral ROS concentrations did not change in WT  mice;
owever, they slightly decreased in 3-month old Tg mice and sig-
ificantly decreased by 14.9 % and 36.3 % in 6- and 9-month old Tg
ice, respectively (Fig. 4g). These results suggest that i.v. injected

A�-BTRA-NCs selectively attenuate excess ROS; the higher the
OS level, the more profound the effect.

The pro-inflammatory cytokine nterleukin 1 beta (IL-1�) level
howed a similar trend of ROS level in relation to mouse age and
reatment response. While showing no effect in WT  mice and
light effects in 3-month old Tg mice, the aA�-BTRA-NC treatment
educed cerebral IL-1� concentration by 55 % and 83 % in 6- and
-month old Tg mice, respectively (Fig. 4h). Interestingly, a 3D-
urface plot of normalized CSF MR  signals vs.  ROS and IL-1� levels
evealed nearly linear relationships (Fig. 3i), suggesting a novel
pplication of CSF MRI. Based on the MRI  signal in the CSF, aA�-
TRA-NCs could be an effective and quick means for probing ROS
nd pro-inflammatory cytokine IL-1� level over the different stages
f AD. The CSF MRI  has the potential to link with clinical biomarkers
or an enhanced diagnosis of AD.

Manganese content in WT  and Tg mouse brains of various ages
as analyzed by ICP-AES 2 h after i.v. injection of aA�-BTRA-NC.

t was found that the WT  and 3-month old Tg mice contained

imilar amounts of cerebral Mn,  while the Tg mice at 6- and 9-
onths of ages showed slightly higher Mn  contents (Fig. S9). The

elative delivery efficiency of aA�-BTRA-NCs into the brain of Tg

T  mice and Tg mice of various ages without treatment or at 2 h post i.v. injection of aA�
g  mice of different ages without treatment or at 24 h post treatment. The data are presen
ignal  enhancement, ex vivo ROS and IL-1� concentrations in brain tissue. All measured va
f  mouse cortical neurons with or without exposed to 50 �m H2O2. The data are presente
A�-BTRA-NCs treated groups (c-e), or between aA�-BTRA-NCs treated group and untrea
n  vitro treated by different groups. WT:  wild type; M:  month.
ano Today 35 (2020) 100965

mice, compared to the whole body, 2 h post injection was calcu-
lated to be 9.1 %, 10.8 % and 12.0 % in 3-months, 6-months and
9-months old Tg mice, respectively. These results indicate that it is
the redox-reaction produced Mn2+ instead of total amount of Mn
that amplified MR  contrast. Taking this finding and the ROS/IL-1
�-correlated MR  signal together, it can be concluded that the aA�-
BTRA-NC enhanced CSF MR  signal is indeed activated by ROS in the
brain. The unique functionality of aA�-BTRA-NCs to respond to ROS
and bind with both A� and Mn2+ gives MRI  a useful application in
detecting A�-induced oxidative stress and inflammation, an early
event in AD.

A preliminary assessment of acute toxicity was conducted in 6-
month old Tg mice treated with aA�-BTRA-NCs (100 �mol Mn  kg−1

of bodyweight). No histological abnormalities in any of the major
organs were observed 7 days after the treatment as compared to
saline controls (Fig. S10), reducing concerns about the potential
toxicity of MnO2-containing NCs and the production of Mn2+ in
possible translation to the clinic [48].

Although this work only presents the application of the NC sys-
tem in an AD model, the application of the NCs can be expanded
to brain tumors, strokes, and other neurodegenerative diseases
(e.g. Parkinson disease, multiple sclerosis). The functional groups
(–OH or –COOH) on the BTP can be readily conjugated with corre-
sponding targeting moieties for specific receptors or biomarkers.
However, designing such NC systems to achieve desired function-
ality is challenging and requires specially designed analysis. In
addition to full characterization of the chemical structure of the
modified polymer and physicochemical properties of the NCs, the
multi-stage functionality of the NCs needs to be analyzed. The NCs
must first cross the BBB and then expose the disease-specific lig-
ands to the targets in the brain parenchyma. To evaluate such
functionality in vitro, one may  perform a permeation test using an
in vitro 3D human BBB transwell co-culture assay followed by a
binding test on the samples collected from the brain side of the
transwell [39] (SI, Fig. S2h). For in vivo analysis of BBB penetra-
tion and cascade targetability, staining of cell nuclei outside the
brain blood microvessles by NP-delivered brain-impermeable dye
and microscopic examination of brain sections can offer strong evi-
dence [39,41,42,49] (Figs. 2g–I, 3, SI, S2).

Owing to the complexity and heterogeneity in human subjects,
and neuroinflammation found in many CNS diseases, the method
presented in this work using targeted-NC with MRI  alone may  not
be able to differentiate among neurodegenerative diseases. There-
fore, combining this method with other MRI  modes (e.g. functional
and structural MRI), other imaging modalities, as well as fluid
biomarker assays used in clinic is necessary to obtain accurate
diagnosis. For further exploration of non-invasive MRI  technique
as a useful screening and diagnostic means, thorough studies are
needed to establish a correlation between targeted NC-MRI and
fluid biomarkers (in CSF and blood) pertinent to diseases (e.g. A�,
p-tau, inflammatory cytokines, and neuroinflammation biomark-
ers).
Conclusions

In summary, we  have developed a novel multifunctional
and ROS-responsive nanotheranostic system, aA�-BTRA-NC, and

-BTRA-NCs. h) Levels of pro-inflammatory cytokines IL-1� in the brains of WT and
ted as mean ± SD (n = 5). i) A 3D surface plot of relationships among in vivo CSF MRI
lues were normalized to WT mice group. j) Influence of aA�-BTRA-NCs on viability
d as mean ± SD (n = 3). P values indicate statistically significant difference between
ted group (g, h, j). k) Representative CLSM images showing neuronal morphology
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emonstrated its ability to enable sensitive detection of early AD by
on-invasive MRI  of CSF pathology. The aA�-BTRA-NC effectively
rossed the BBB, selectively accumulated in the disease affected
reas and significantly enhanced T1-wt MR  signals in the CSF,
ortex, hippocampus areas of TgCRND8 AD mouse brains, where
verexpressed oxidative stress and A� pathology occur. Impor-
antly, the aA�-BTRA-NCs enhanced CSF MR  signals exhibited very
igh sensitivity (89 %) and specificity (100 %) for disease detection
egardless of mouse age and disease severity. The aA�-BTRA-NCs
lso showed a potential to protect neurons against H2O2-mediated
eurotoxicity in vitro and attenuate cerebral oxidative stress (ROS
nd IL-1�) in Tg mice. These results suggest that the multifunctional
C system may  serve as a versatile nano-platform for targeted

heranostics in early-stage oxidative stress and inflammation-
ssociated acute and chronic neurodegenerative disorders. The
resent work also encourages further development of such NC sys-
em to render MRI  a fast and effective screening tool for clinical
etection of AD and other neurodegenerative diseases in high risk
opulations.
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