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Abstract

Nanoparticles have emerged as potential transporters of drugs targeting Alzheimer’s disease (AD),
but their design should consider the blood-brain barrier (BBB) integrity and neuroinflammation
of the AD brain. This study presents that aging is a significant factor for the brain localization

and retention of nanoparticles which we engineered to bind with reactive astrocytes and activated
microglia. We assembled 200 nm-diameter particles using a block copolymer of poly(lactic-co-
glycolic acid) (PLGA) and CD44-binding hyaluronic acid (HA). The resulting PLGA-b-HA
nanoparticles displayed increased binding to CD44-expressing reactive astrocytes and activated
microglia. Upon intravascular injection, nanoparticles were localized to the hippocampi of both
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APP/PS1 AD model mice and their control littermates at 13-16 months of age due to enhanced
transvascular transport through leaky BBB. No particles were found in the hippocampi of
young adult mice. These findings demonstrate the brain localization of nanoparticles due to
aging-induced BBB breakdown, regardless of the AD pathology.
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A variety of neurodegenerative diseases affect more than 270 million people globally,
claiming the second leading cause of death!. Among neurodegenerative diseases that

cause mild cognitive impairment (MCI) and dementia, Alzheimer’s disease (AD) is the
most common cause of dementia in older adults. AD is characterized by progressive and
irreversible memory loss with neuronal atrophy starting typically from the hippocampus?.
AD prevalence and its associated mortality are expected to rise with increases in population
and age3. In AD, accumulation of extracellular senile amyloid-g (AB) plaques and
intracellular neurofibrillary tangles composed of hyperphosphorylated tau are associated
with synapse loss and neurodegeneration. Extensive efforts have been made to mitigate

the loss of synapses and neurons, and ultimately alleviate cognitive decline. These efforts
include stem cell transplantation® °, immunotherapy, and small molecule drugs that can
decrease these molecular hallmarks of AD, such as inhibiting the AR aggregation6-2,
However, most small molecule drugs show promising results in /n vitro cell culture and
preclinical animal studies, but often fail in clinical studies!® 11, partly because of off-target
effects, the loss of their activity in the brain, or limited transport to the brain due to poor
solubility in body fluids?2 13,

To improve the bioavailability and retention of therapeutic drug molecules in the brain,
biofunctionalized nanoparticles have emerged as promising hydrophobic drug transporters
for treating various diseases!4, as they confer flexibilities in modulating their geometry
and properties®17. Several strategies have been developed to enhance the efficacy of
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nanocarriers in transporting drugs across the BBB. These include engineering the size and
charge of the nanoparticles, as well as conjugating ligands'8: 19, Nanoparticles smaller than
a 200 nm diameter have been shown to cross over capillaries which become more permeable
with injuries and diseases due to the enhanced permeability and retention effect.

There is increasing evidence that many neurodegenerative diseases, including AD, are
associated with BBB disruption. The normal BBB maintains brain homeostasis by mediating
the restricted solute exchange between the blood circulation and the brain parenchyma and
prevents unwanted toxins and pathogens from entering the brain. This barrier, however,
breaks down with age and in many neurodegenerative diseases, resulting in increased BBB
permeability and immune cell infiltration29-23, For instance, magnetic resonance images
(MRI) show microhemorrhages in the brains of AD patients24. The BBB-impermeable
MRI contrast agent, gadolinium, can enter the brains of patients with MCI25, indicative

of leaky BBB. Anatomical studies of endothelial cells in the postmortem brain tissues of
AD patients show reductions in tight junction proteins and pericytes?L: 23. 26, 27 indicative
of compromised BBB integrity. Since aging is a major risk factor for neurodegenerative
diseases including AD, the disrupted BBB in aged brains and neurodegenerative diseases
offers a chance to deliver therapeutic drug molecules by intravascular administration.

However, whether AD pathology coupled with aging enhances transvascular transport of
nanoparticles via the disrupted BBB has yet to be examined systematically. Furthermore,
small nanoparticles can be drained out quickly by the glymphatic flow right after movement
from blood to the brain 28-30, Hence, nanoparticle transport and retention are significantly
affected by the brain pathology and microenvironment 30: 31, However, to date, how
compromised vascular integrity and the extravascular microenvironment of the aged and
diseased brain affect the localization and retention of nanoparticles remains unanswered.

In this study, we hypothesized that aging, AD pathology, or both would increase the BBB
permeability and neuroinflammation, thereby enhancing the transport of nanoparticles. In
addition, nanoparticles engineered to bind to reactive astrocytes and activated microglia
would remain in the brain following the transvascular transport (Fig. 1A). To test this
hypothesis, we assembled 200 nm-diameter nanoparticles with a block copolymer of
poly(lactic-co-glycolic acid) (PLGA) and hyaluronic acid (HA)32. The HA units on

the resulting PLGA-b-HA nanoparticles can bind to CD44 proteins33 which are highly
expressed on the surface membrane of reactive astrocytes and activated microglia compared
to neurons34 3%, We delivered the nanoparticles via intravascular injections to young adult
and aged (13-16 months) wild-type mice and APP/PS1 AD model mice which overproduces
Ap3 and displays the BBB disruption starting at 4 months of age and the severe BBB
leakage by 9 months of age3”: 38, We then examined systemic biodistribution and toxicity
of nanoparticles and their localization in the hippocampus, the key brain region that shows
significant neurodegeneration and neuroinflammation in AD29: 39 40, \We uncover that the
brain localization and retention of nanoparticles are attributed to the aging-induced BBB
breakdown and neuroinflammation, respectively, regardless of the presence of extracellular
AB plaques.
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We synthesized PLGA-b-HA by conjugating the carboxylate group of PLGA and the
primary amine group of aminated HA (Fig. S1A). The resulting PLGA-b-HA dispersed

in D,0 showed HA-characteristic peaks at 1.8 ppm (N-acetyl group) and 2.9-4.5 ppm
(methylene and glucosidic protons) in the TH NMR spectra (Fig. S1B). In contrast, the
same polymer dispersed in DMSO exhibited PLGA-characteristic peaks at 1.47, 4.91, and
5.21 ppm, representing the methyl, methylene, and (—-OCH(CH3)CO-) group, respectively
(Fig. S1B). These results confirm the linkage between PLGA and HA blocks throughout the
synthesis.

The PLGA-b-HA nanoparticles encapsulating fluorescent Alexa Fluor (AF) 488-conjugated
BSA were prepared via double emulsification (Fig. 1B). The resulting nanoparticles are in
the form of spheres with an average diameter of 206 + 49 nm according to the transmission
electron microscope (TEM) image (Fig. 1C) and dynamic light scattering (Fig. 1D). In
particular, the TEM image confirms a bi-layered structure on the PLGA-b-HA particles, in
which hydrophobic PLGA fills cores while the hydrophilic HA layer surrounds the PLGA
core.

Chronic brain inflammation is a key feature of AD, with reactive astrocytes and activated
microglia being evident in the early stage of AD2%: 40, To examine if PLGA-b-HA
nanoparticles can preferentially bind to reactive astrocytes, mouse cortical neural stem cells
(NSCs) were differentiated into a monolayer culture of astrocytes (Fig. 2A). NSC-derived
astrocytes were activated with 50 ng/mL tumor necrosis factor-a (TNF-a). Compared

to control treatment, TNF-a stimulated the CD44 expression in astrocytes and led to

thicker astrocytic branches (Fig. 2A). Specifically, TNF-a increased the CD44 mRNA

level by 6-fold and CD44 protein expression by 2.3-fold (Fig 2B—C), consistent with

the previous report#l. Next, TNF-a-treated and untreated astrocytes were incubated with
PLGA or PLGA-b-HA nanoparticles containing AF488-conjugated BSA (Fig 2D). Confocal
fluorescence imaging revealed that the number of PLGA-b-HA nanoparticles bound on
TNF-a-treated astrocytes was 4.5 times greater than those bound to untreated astrocytes (Fig
2E) and 4 times higher than PLGA particles (Fig 2F).

Microglial activation also stands out in Alzheimer’s disease (AD) 20, and CD44 is
expressed in activated microglia®. Upon activation, these microglia release inflammatory
mediators, such as TNF-a,, interleukin 1-beta, and interleukin-6, potentially leading to
neuron damage?2. To assess whether PLGA-b-HA nanoparticles could bind to activated
microglia, mouse microglia were treated for 24 h with 10 ng/mL lipopolysaccharide (LPS),
a well-known model for triggering neuroinflammation3. LPS upregulated CD44 expression
in microglia (Fig 2G-H) and increased cellular secretion of TNF-a (Fig 21). In addition,
LPS-activated microglia exhibited a 1.9-fold higher binding affinity for the PLGA-b-HA
nanoparticles encapsulating AF488-conjugated BSA than untreated cells (Fig 2J-K).

To test the neurotoxicity of PLGA-b-HA particles, we incubated primary rat hippocampal
neuronal culture at DIV 10 with various concentrations of PLGA-b-HA particles (Fig. S2).
After 3 h incubation, the metabolic activity of neurons was examined by a colorimetric MTT
assay. According to the International Organization for Standardization (ISO 10993-5), the
nanoparticle treatment is considered non-toxic when >70% metabolic activity is observed
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compared to untreated cells. We found that PLGA-b-HA particles at concentrations of 0.04,
0.08, 0.16, and 0.62 mg/mL retained > 70% metabolic activity of cultured neurons (Fig. S2).
With these results, PLGA-b-HA particles at < 0.62 mg/mL are expected to be safe for the
following /n vivo study.

To test if PLGA-b-HA particles can cross the BBB and localize to the brain, adult C57BL/6J
mice at 3-5 months of age were intravenously (i.v.) injected via tail vein with saline
(negative control) or PLGA-b-HA particles (16 mg/kg) filled with AF647-conjugated BSA.
The chosen dose is 3.88-fold lower than the dose at which metabolic activity decreases
below 70% (Fig. S2). At 2 h post-injection, various organs were rapidly dissected, and the
particle distribution in these dissected organs was immediately examined by IVIS imaging.
In the particle-injected young adult C57BL/6J mice, we observed strong AF647 fluorescence
signal only in their liver but not in other organs, including the brain (Fig. 3A-B). No
fluorescence signal was detected in the dissected organs of the saline-injected mice (Fig.
3A-B).

To monitor transvascular transport and localization of PLGA-b-HA nanoparticles due to
increased BBB permeability and CD44-expression in reactive astrocytes and activated
microglia?%: 26: 39 we chose a transgenic APP/PS1 mouse model (APPSwe/PSEN1dE9).
This model expresses both a chimeric mouse/human amyloid precursor protein (APP) gene
harboring a Swedish mutation (K670N/M671L) and a mutant human presenilin-1 (PSEN1)
carrying the deletion of exon 9 (dE9) driven by the mouse prion promoter#4. This model
displays high levels of soluble AR oligomers, neuroinflammation (microgliosis, reactive
astrocytes) starting at 3 months of age 4°, synapse loss starting at 5 months of age, visible
AB plaque deposition, synaptic plasticity defects, and memory loss at 6-7 months of age36:
46,47 and significant BBB disruption and permeability by 9 months of age 38.

We repeated i.v. injections of PLGA-b-HA particles (16 mg/kg) containing AF647-
conjugated BSA into the APP/PS1 mice and their non-carrier (NC) control littermates

at 3-5 months of age, which is considered “young adults”, as well as at 15-17 months

of age, which is considered “old aged” 48. IVIS imaging at 2 h post-injection detected
significant fluorescence in the brains of both APP/PS1 mice and their NC littermates at
15-17 months of age compared to APP/PS1 mice and their NC littermates at 3-5 months
of age or saline-injected C57BL/6J mice at 3-5 months of age (Fig. 3A-B), indicating the
enhanced brain localization of PLGA-b-HA particles in the aged APP/PS1 and NC mice.
However, aged APP/PS1 mice showed significantly more particles in their brains compared
to the aged NC mice as well as young adult APP/PS1 mice (Fig. 3A-B). Interestingly,
increased fluorescence intensities were also evident in the heart, lung, and liver of aged
APP/PS1 mice compared to saline-injected young adult C57BL/6J mice (Fig. 3A-B),
demonstrating enhanced localization of PLGA-b-HA particles in these organs upon aging
and AD pathology (Fig. 3A-B).

The hippocampus is critical for learning and memory that is affected early in AD and is
the major site for neurodegeneration and neuroinflammation in AD39: 49, Following i.v.
injections of saline or PLGA-b-HA nanoparticles containing AF488-conjugated BSA, the 30
um thick cryosections of their formaldehyde-fixed brains were subjected to immunostaining
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for Ap and confocal imaging for Ap plaques and nanoparticles. Aged APP/PS1 mice
showed abundant AB plaques in the CA1, CA3, and DG regions of their hippocampi
whereas AP plagues were minimal in aged-match NC control mice, young adult APP/PS1
and NC mice, and young adult C57BL/6J mice (Fig. 4A).

Consistent with 1VVIS imaging (Fig. 3), particle-injected aged APP/PS1 mice displayed
significant numbers of fluorescent puncta in their hippocampal CA1 (p<0.001 and p<0.001),
CA3 (p<0.05 and p<0.01), and DG (p <0.01 and p<0.001) regions compared to saline- and
particle-injected young adult C57BL/6J mice, respectively, both of which showed minimal
fluorescent puncta (Fig. 4B—C). Compared to saline- and particle-injected C57BL/6J mice,
NC controls at 13-16 months of age also displayed significant numbers of fluorescent
puncta in all hippocampal regions, which were similar to those in their aged-match
APP/PS1 mice (Fig. 4B-C), demonstrating that PLGA-b-HA nanoparticles localized to the
hippocampi of 13-16-month-old mice regardless of Ap overexpression.

We also assessed the potential toxicity of the PLGA-b-HA nanoparticles. Two hours post-i.v.
injections with either saline or the nanoparticles (16 mg/kg) containing AF488- or AF647-
conjugated BSA, whole blood samples and serum samples were collected for white blood
cell analysis (Table S1) and chemistry profiling (Fig S3), respectively. The total number

of white blood cells in mice administered with either saline or the nanoparticles remained
comparable and within the normal range (Table S$1)°0. The composition of white blood

cells was consistent across both groups. In serum, the levels of creatinine and blood urea
nitrogen (BUN) remained similar between saline- and particle-injected groups (Fig S3A-B),
indicating stable kidney function. The serum levels of alkaline phosphatase (ALP), alanine
aminotransferase (ALT), albumin, and globulin were also comparable in both groups,
indicating normal liver function (Fig S3C—F). These analyses confirmed that PLGA-b-HA
nanoparticles do not stimulate immune cells in the blood and minimally impact kidney and
liver functions.

Localization of PLGA-b-HA particles to the hippocampi of aged mice regardless of AD
pathology suggest that BBB disruption and permeability might have occurred even in NC
control mice at 13-16 months of age. To test this possibility, aged APP/PS1 mice and their
NC littermates received intravascular injections of fluorescein isothiocyanate (FITC)-labeled
dextran, which is widely used to determine the BBB permeability by examining their
leakage to the surrounding parenchyma. Confocal imaging detected weak but significant
fluorescence signal in the hippocampi of FITC-dextran-injected young adult C57BL/6J
mice compared to saline-injected control mice (Fig. 5A-B). Furthermore, we observed
significantly stronger FITC-dextran signals in the hippocampi of both aged APP/PS1 mice
and their non-carrier littermates compared to FITC-dextran-injected young adult C57BL/6J
mice (Fig. 5A), with a small genotype difference seen only in the hippocampal CA1 region
(Fig. 5B). These data support the presence of the BBB leakage in the hippocampi of aged
mice regardless of the genotype.

Nanoparticles have been previously reported to target inflammation in osteoarthritis®!
and lung cancer®2. However, whether nanoparticles can localize across the BBB into the
brain parenchyma and target inflammation-inflicted brain regions was unclear. This study
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shows that PLGA-b-HA particles with an average diameter of 206 + 49 nm can bind

to reactive astrocytes and microglia with minimal neurotoxicity in primary culture. We
further provide evidence that intravascularly injected PLGA-b-HA particles localize to the
hippocampi of both aged APP/PS1 AD model mice and their control littermates due to
increased BBB leakage. However, the particle localization to the hippocampi of young adult
C57BL6/J mice was minimal. Importantly, these particles did not induce notable immune
responses or cause acute adverse effects on liver and kidney. Such AD pathology and aging-
dependent brain targeting of PLGA-b-HA nanoparticles due to increased BBB breakdown
and neuroinflammation supports their broad application as drug carriers for aging-associated
neurodegenerative diseases.

Our IVIS and confocal imaging analyses in young adult C57BL/6J mice at 2-5 months

of age revealed very low BBB permeation of FITC-dextran and no PLGA-b-HA particle
signals in their hippocampi at 2 h post intravascular injection (Figs. 3-5). Similarly, minimal
PLGA-b-HA particle signals were detected in the hippocampi of young adult APP/PS1 mice
at 4-5 months of age (Fig. 4). Consistent with our findings, unmodified PLGA nanoparticles
have been shown to cross the BBB primarily through passive internalization based on

size53 but have a 5% BBB permeation rate /n vitro and low BBB penetration /in vivoin
wild-type rats®*. In addition to low BBB permeability, high rate of their clearance through
the reticuloendothelial system®>3 and rapid removal of HA by endothelial cells of the liver
sinusoids®® could underlie the minimal localization of PLGA-b-HA particles in the young
adult mouse brain (Figs. 3 & 4). Interestingly, intravascularly-injected PLGA-b-HA particles
were found mostly in the livers of young adult mice with minimal localization to their
hearts, spleens, and kidneys (Fig. 3), suggesting the particle retention specifically in the liver
despite the large amounts of free particles in the systemic circuitry.

In contrast to the young adult C57BL/6J, NC, and APP/PS1 mice, significant amounts of
FITC-dextran and PLGA-b-HA nanoparticles were found in the hippocampi of NC control
mice at 18 and 13-16 months of age, respectively, at 2 h post i.v. injection (Figs. 4 & 5). As
artificially disrupting the BBB by using a hyperosmaotic solution or cytotoxic agents has also
shown to increase nanoparticle penetration across the BBB>6: 57, these results suggest that
aging increases the BBB permeability and the brain penetration of nanoparticles. Indeed,
compromised BBB integrity has been reported in 12-month-old C57BL/6J mice®® and
healthy but older humans at 47-91 years of age®. Age-dependent BBB breakdown begins in
the hippocampus®®, and is associated with cognitive decline and neuroinflammation®2. Thus,
increased neuroinflammation in aged mice could also help retain PLGA-b-HA nanoparticles
in the brain since CD44 is the primary cell surface receptor for HAS2 and is highly expressed
in reactive microglia and activated astrocytes during neuroinflammation3®. HA also binds

to the receptor for hyaluronan-mediated cell motility (RHAMM) that is expressed in the
astrocytes in the subventricular zone (SVZ)82. Therefore, the localization of PLGA-b-HA
nanoparticles in the hippocampus of aged APP/PS1 mice and their control littermates

could also be facilitated by their initial binding to RHAMM-positive astrocytes followed

by astrocyte migration from the SVZ to the hippocampus.

Pathological molecular hallmarks of AD are extracellular senile Ap plaques, intracellular
neurofibrillary tangles, and chronic neuroinflammation characterized by reactive astrocytes
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and microglia infiltration? 49, AD patients also display increased BBB permeability26:
37,61 Increased neuroinflammation in the hippocampus of the AD brain is expected

to facilitate the transvascular transport and binding of PLGA-b-HA particles to CD44-
expressing reactive astrocytes and activated microglia, thereby increasing their retention at
the inflammation-rich hippocampus. Indeed, our IVIS imaging showed a greater PLGA-b-
HA particle localization in the brains of APP/PS1 mice than NC control mice at 15-17
months of age upon intravascular injection (Fig. 3), consistent with previous studies that
demonstrated an increase in BBB permeability in the brains of two AD mouse models
(5xFAD and APP/PS1) compared to their control littermates at 9 months of age38: 4, which
is considered pre-middle age*®.

However, we observed that the extent of BBB permeability and PLGA-b-HA localization
in the hippocampi of APP/PS1 mice was similar to those in their NC control littermates
at 13-16 months of age (Figs. 4 & 5), although the extracellular Ap senile plaques were
only seen in the hippocampi of APP/PS1 mice but not those of the control mice (Fig. 4A).
As the hippocampus is affected early in AD and is the major site for neurodegeneration
and neuroinflammation in AD39 49 we speculate that the level of BBB permeability

and neuroinflammation in the hippocampi compared to the entire brain might have been
advanced in our control NC mice due to the aging to a similar extent as APP/PS1 mice
at 13-17 months of age which corresponds to the range between middle age and old

age. Nonetheless, increased BBB permeability in old C57BL/6J mice83(Fig. 5) would
facilitate the transport of nanoparticles across the BBB for the delivery of drugs against
aging-associated neurologic disorders and neurodegenerative diseases.

We also propose that HA blocks of PLGA-b-HA nanoparticles facilitate the transvascular
transport of nanoparticles. Conjugated HA units prevent aggregation of PLGA nanoparticles
in blood, thus supporting the transport of particles into the brain through the permeable
BBB in the APP/PS1 mouse and their control littermates at 13—-17 months. We did not test
unmodified PLGA nanoparticles because the i.v. injection often caused death, likely due to
uncontrolled aggregation of nanoparticles in blood.

In addition, the PLGA-b-HA nanoparticles can be further modified to enable active targeting
of the BBB in the AD brain. For example, HA blocks can be conjugated with peptides
binding to the transferrin receptor®® or lactoferrin receptor®’. Such binding has been shown
to activate receptor-mediated transcytosis of nanoparticles8”. PLGA-b-HA nanoparticles
can also be functionalized with brain-targeting peptides, identified from the unbiased
screening of phage libraries to improve organ selectivity58. Moreover, nanoparticles can

be conjugated with galactose to target glucose transporter 1 to facilitate the particle
penetration of BBB via glycemia-controlled glucose transporter-1 recycling and deliver
small interfering RNAs (siRNAs) against p-site APP cleavage enzyme 1 (BACE1) that

can reverse cognitive deficit in APP/PS1 mice89. Lastly, coating the particles with lectin’®
or hexadecyltrimethylammonium bromide’! can increase a positive surface charge and
prolong the duration of the particle retention on luminal surfaces of the BBB against high
shear stress on the vascular wall®3. Future studies shall explore these active BBB-targeting
strategies that can facilitate particle delivery into the brain.
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Figure 1. Synthesisand Characterization of PLGA-b-HA nanoparticles.
(A) A schematic illustration of PLGA-b-HA nanoparticles penetrating the blood-brain

barrier (BBB) in aged or diseased conditioned and their subsequent binding to the

reactive astrocytes and microglia. Created with BioRender.com (B) Illustration of double
emulsion process to prepare PLGA-b-HA particles encapsulating AF488-conjugated BSA
(W: water phase; O: oil phase). (C) Transmission electron microscopic image of PLGA-b-
HA nanoparticle. (D) Size distribution of PLGA-b-HA nanoparticles analyzed via dynamic
light scattering.
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Figure 2. PLGA-b-HA particles preferentially bind to TNF-a-stimulated reactive astrocytes and
LPS-stimulated microglia that express CD44.

(A) TNFa-activated CD44 expression of NSC-derived astrocytes. Immunofluorescence
images of astrocytes without or with 24 h TNF-a treatment. Astrocytes were labeled
with GFAP antibody (red), CD44 was labeled with CD44 antibody (green), and nuclei
were stained with DAPI (blue). (B) Relative CD44-encoding mRNA expression level and
(C) CD44 expression area of NSCs-derived astrocyte without (Control) and with TNF-a
treatment. (D) Immunofluorescence images of nanoparticles associating with reactive or
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untreated astrocytes. 0.5 mg/mL of PLGA particles or PLGA-b-HA particles were incubated
with untreated or TNF-a-treated astrocytes for 20 minutes. Both PLGA and PLGA-b-HA
particles were encapsulated with AF488 (Green)-conjugated BSA. Astrocytes were colored
in red, and the nuclei were labeled in blue. (E) Quantitative analysis of PLGA-b-HA
nanoparticles bound to astrocytes treated with/without TNF-a.. The binding area of the
PLGA-b-HA particles was normalized to the binding area observed on untreated astrocytes.
(F) Quantitative analysis of PLGA and PLGA-b-HA nanoparticle bound to TNF-a-treated
astrocytes. Particle binding area on activated astrocytes was normalized to that of PLGA
particles. (G) LPS enhanced CD44 expression of microglia. Immunofluorescence images of
microglia after 24 hours without or with 10 ng/mL LPS stimulation. Microglia were labeled
with IBA1 antibody(red), CD44 was labeled with CD44 antibody (green), and nuclei were
stained with DAPI (blue). (H) Relative CD44 expression area normalized by microglia cell
number without (Control) and with hours LPS treatment (LPS). (n > 8, * = p < 0.05) (1)
TNF-a concentration in the medium of microglia cultured without (Control) and with LPS
for 24 hours (LPS). (n =3, * = p < 0.05) (J) Immunofluorescence images of particles
binging to LPS-treated microglia. PLGA-b-HA particles encapsulating AF 488-conjugated
BSA were incubated with untreated or LPS-treated microglia for 20 minutes. Particles
binding to the microglia were presented in green, microglia were presented in red, and

the nucleus were presented in blue. (K) Analysis of PLGA-b-HA particle binding area on
microglia without (Control) or with LPS treatment (LPS). The binding area was divided by
total cell number in each view and normalized to the value of the control group. (n >8,*=p
< 0.05) Data represent the mean + SEM. Unpaired Student t-test results are shown (n > 4, *p
< 0.05).
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Figure 3. Intravenously injected PL GA-b-HA nanoparticleslocalizeto the brain in aged
APP/PS1 and control mice but not young adult mice.

Mice received an i.v. injection of saline or PLGA-b-HA particles encapsulating AF647-

conjugated BSA (Dose: 16 mg/kg). At 2 h post injection, various organs were quickly

Liver

*

dissected and imaged using I1VIS. All images were taken with an excitation wavelength of
640 nm and an emission wavelength of 680 nm. (A) Representative ex vivo fluorescence
images of the organs of 3-5-month-old wild-type mice receiving saline (n = 3 mice),

5-month-old young C57BL/6J mice receiving fluorescent PLGA-b-HA particles (n = 3
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mice), 3—4-month-old young APP/PS1 mice receiving fluorescent PLGA-b-HA particles (n
= 3 mice), 15-17-month-old APP/PS1 mice receiving fluorescent PLGA-b-HA particles (n
= 3 mice), and 15-17-month-old non-carrier (NC) control littermates receiving fluorescent
PLGA-b-HA particles (n = 3 mice). (B) Quantification of particle fluorescent intensity per
unit area in brain and other organs. Data represents the mean £ SEM. One-way ANOVA
with Tukey Post Hoc test results are shown (*p<0.05; ***p<0.001).
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Figure 4. Intravenously injected PL GA-b-HA nanoparticleslocalize to the hippocampi of both
aged APP/PS1 mice and their control littermates but not young adult mice.

(A) Coronal brain cryosections were immunostained for Ap and counterstained with nuclear
marker Hoechst 33342. Extracellular senile Ap plagues were observed in all areas of the
hippocampi of aged APP/PS1 mice (13-16-month-old), but not in the age-matched non-
carrier (NC) mice (13-16-month-old) or young APP/PS1, NC control, and C57BL/6J mice
(3-5-month-old). Confocal z-stack images (an optical section of 1.0 pm) were collected
from the CAL, CA3, and Dente gyrus (DG) regions of the hippocampus and shown as
representative images. Image size: 640.17 um x 640.17 um. Scale bar: 1200um. (B) Young
adult APP/PS1, NC control littermates, and C57BL/6J mice (3-5 mo old), and aged
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APP/PS1 mice and their NC control littermates (13-17 mo old) received an i.v. injection

of saline or PLGA-b-HA particles encapsulating AF488-conjugated BSA (16 mg / kg) via
their tail veins. After 2 h, mice were subjected to transcardial perfusion of PBS followed by
fixation with 2% PFA. Cryoprotected brain tissues were sectioned to 30 pm coronal sections
and counterstained with nuclear marker Hoechst 33342. Confocal images (an optical section
of 1.0 um) were collected from the CA1, CA3, and Dente gyrus (DG) regions of the
hippocampus. Image size: 62.68 pm x 62.68 pm x 1.0 um. Scale: each inset square is 10 pm
x 10 um. (C) Quantification of the average number of particles. Data represents the mean +
SEM. Particles are counted when artificial unit (AU) intensity is 5 standard deviations above
the mean intensity for each image using the ThunderStorm plug-in with ImageJ. Sample size
in CAL (z-stack images and particle-injected mice): n = 12 from 3 aged APP/PS1 mice, n

= 13 from 3 aged NC mice, n = 22 from 3 adult APP/PS1 mice, n = 12 from 3 adult NC
mice, and n = 13 from 3 adult C57BL/6J mice. Sample size in CA3 (z-stack images and
particle-injected mice): n = 13 from 3 aged APP/PS1 mice, n = 16 from 3 aged NC mice,

n = 15 from 3 adult APP/PS1 mice, n = 12 from 2 adult NC mice, n = 12 from 3 adult
C57BL/6J mice. Sample size in DG (z-stack images and particle-injected mice): n = 11 from
3 aged APP/PS1 mice, n = 15 from 3 aged NC mice, n = 16 from 3 adult APP/PS1 mice,

n =13 from 2 adult NC mice, and n = 12 from 3 adult C57BL/6J mice. Sample size of
images analyzed for saline-injected mice: CAl = 13, CA3 = 13, and DG = 12 from 3 adult
C57BL/6J mice. One-way ANOVA with Tukey Post Hoc test results are shown (*p<0.05;
**p<0.01; ***p<0.001).
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Figure5. The BBB leakage are present in aged APP/PS1 mice and their control littermates but

not young adult C57BL/6J mice.

Young adult C57BL/6J mice (1.5-2 mo old), aged APP/PS1 mice and their non-carrier
(NC) control littermates (18 mo old) received an i.v. injection of 100 pl of FITC-dextran
(50 mg/ml, MW 20 kDa,). A separate cohort of young adult C57BL/6J mice (2-3 mo

old) received saline injection for negative control groups. After 1 h, mice were subjected

to transcardial perfusion of PBS followed by fixation with 2% PFA. Cryoprotected brain
tissues were sectioned to 30 um coronal sections and counterstained with nuclear marker
Hoechst 33342. Confocal z-stack images (an optical section of 1.0 um) were collected from
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the CA1, CA3, and Dente gyrus (DG) regions of the hippocampus. (A) Representative
images showing a maximum projection z-stack of indicated brain regions for FITC-dextran.
Scale bar: 50 um. (B) Quantification of the background subtracted FITC fluorescence
intensities within 90 um? images which were maximum projected from the z-stack series
using Fiji (ImageJ). 3-way ANOVA with age, genotype, and injection type as the three
factors with post-hoc Fisher test results. Sample size: 12 z-project (1 um z step) images
between 2 individual mice per condition.
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