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A B S T R A C T   

There has been a lot of basic and clinical research on Alzheimer’s disease (AD) over the last 100 years, but its 
mechanisms and treatments have not been fully clarified. Despite some controversies, the amyloid-beta hy-
pothesis is one of the most widely accepted causes of AD. In this study, we disclose a new amyloid-beta plaque 
disaggregating agent and an AD brain-targeted delivery system using porous silicon nanoparticles (pSiNPs) as a 
therapeutic nano-platform to overcome AD. We hypothesized that the negatively charged sulfonic acid functional 
group could disaggregate plaques and construct a chemical library. As a result of the in vitro assay of amyloid 
plaques and library screening, we confirmed that 6-amino-2-naphthalenesulfonic acid (ANA) showed the highest 
efficacy for plaque disaggregation as a hit compound. To confirm the targeted delivery of ANA to the AD brain, a 
nano-platform was created using porous silicon nanoparticles (pSiNPs) with ANA loaded into the pore of pSiNPs 
and biotin-polyethylene glycol (PEG) surface functionalization. The resulting nano-formulation, named Biotin- 
CaCl2-ANA-pSiNPs (BCAP), delivered a large amount of ANA to the AD brain and ameliorated memory 
impairment of the AD mouse model through the disaggregation of amyloid plaques in the brain. This study 
presents a new bioactive small molecule for amyloid plaque disaggregation and its promising therapeutic nano- 
platform for AD brain-targeted delivery.   

1. Introduction 

As the number of the elderly population increases, the incidents of 
degenerative brain diseases such as Alzheimer’s disease (AD), Parkin-
son’s disease, and Huntington’s disease are also on the rise [1–4]. Since 
the first report of AD in 1906, numerous studies have been conducted in 
the research fields of pathogenesis, lesions, symptoms, and treatments 
[5–9]. Despite tremendous efforts to understand AD, its exact causes and 
treatment have yet to be clearly identified [10,11]. The amyloid hy-
pothesis is one of the widely accepted causes of AD [12–14]. 
Amyloid-beta (Aβ) monomers, which can be present in any body part 
including the brain, can form Aβ plaque that causes severe toxicity in the 

AD patient’s brain [15,16]. Currently, several therapeutic methods are 
available based on the Aβ hypothesis, such as the β-secretase enzyme 
(BACE1) inhibitor and anti-Aβ antibody development [17–19]. How-
ever, the objective should be to remove Aβ plaques from the brain, and 
therefore it is crucial to find new molecules for Aβ plaque disaggregation 
and its delivery system to the AD brain [20,21]. 

In this study, we disclose a therapeutic nano-platform for Aβ plaque 
disaggregating in an AD brain (Fig. 1a). The Aβ plaque disaggregating 
nano-platform (APDN) consists of an Aβ disaggregating agent, an agent- 
delivery nano-carrier, and an AD brain targeting moiety. Among the 
various nano-carriers, porous silicon nanoparticles (pSiNPs) were 
selected as an ideal APDN for their advantages of high biocompatibility, 
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high drug-loading efficiency, and facile surface modification [22–24]. 
Next, we select biotin as a brain-targeting moiety among several known 
moieties, including transferrin, lectin, ApoE, glutathione, biotin, and so 
on, because it has known to exist in abundance in the brain, especially in 
the hippocampus, which is most closely related to AD and memory 
[25–30]. Therefore, we hypothesized that more drugs could be delivered 
to the hippocampus region by surface modification using biotin. The 
APDN can penetrate the blood-brain barrier (BBB) and be accumulated 
via biotin receptor binding and endocytosis through the endothelial cells 
[31–33]. Our research rationale is based on the two steps (Fig. 1b). (1) 
Step 1: In vitro Aβ plaque disaggregation screening. Several previous 
studies have shown that sulfonic acid could bind to and disaggregate 
amyloid beta plaques [34–38]. Referring to the existing studies on Aβ 
plaque disaggregating agents, we hypothesized that the negatively 
charged sulfonic acid functional group could disaggregate Aβ plaques. In 
this study, a new agent library was constructed in order to confirm the 
difference in Aβ plaque disaggregation efficacy according to the case 
where functional groups other than the previously known hydroxy 
group or piperazine group were combined with sulfonic acid as a base or 
according to the length of the carbon branch to which sulfonic acid was 
linked to other functional groups. The agent library (number of chem-
icals >20) was constructed containing various substances, including 
sulfonic acid and similar structural analogs, to find a hit compound 
tracking the disaggregation level of Aβ plaques after treatment of the 
agent library via thioflavin T (ThT) assay. (2) Step 2: Nano-carrier 
loading on the hit compound and surface functionalization. Typically, 
negatively charged molecules have limitations in BBB penetration, and 
so does our hit compound for practical applications [39,40]. To address 
such a delivery issue, a nano-carrier was introduced to efficiently deliver 
the hit compound to the AD brain. The final nano-formulation was 
demonstrated to improve memory impairment through an animal 
behavioral experiment of the Aβ plaque-injected AD mouse model. In 
addition, changes in interleukin 6 (IL-6) level, which is known to be 
increased by Aβ plaques [41,42], and the amount of Aβ plaques in the 
hippocampus were also measured through Thioflavin S (ThS) staining 
[43]. 

We found a new Aβ plaque disaggregating agent and constructed its 
therapeutic nano-platform. In the animal experiment, the APDN-treated 

AD mice showed significant memory retention with a reduced number of 
Aβ plaques in the brain. We believe that our findings can open new doors 
in AD treatment and a new era in AD-related basic research and clinical 
applications. 

2. Experimental section 

2.1. Amyloid beta (1-42) plaques preparation 

Amyloid-beta (Aβ) 1–42 (Anaspec, AS-20276, MW = 4514.1, 1 mg) 
was dissolved in 1 × PBS buffer (pH 7.4, 1 mL) to a final concentration of 
222 μM. This solution was incubated (200 rpm) for 3 days at 37 ◦C and 
used for in vitro experiments without further purification [44]. The 
formed Aβ plaques were confirmed by the thioflavin T (ThT) assay 
(Fig. S1). 

2.2. Hit compound identification 

As-prepared Aβ plaques (10 μM) were stirred (200 rpm) at 37 ◦C for 
24 h in the presence of the screening candidates (100 μM) within PBS 
(pH 7.4). Then, thioflavin T (ThT, 10 μM) was added to confirm the 
plaque disaggregation results. A: 4-(2-Hydroxyethyl)-1-piper-
azinepropanesulfonic acid (EPPS); B: 2-[4-(2-hydroxyethyl)piperazin-1- 
yl]ethanesulfonic acid (HEPES); C: sulfamic acid; D: amino-
methanesulfonic acid; E: 2-aminoethanesulfonic acid; F: 2-aminoethane-
sulfonic acid; G: sulfuric acid; H: 3-hydroxypropanesulfonic acid; I: 
benzenesulfonic acid; J: 4-hydroxybenzenesulfonic acid; K: sulfanilic 
acid; L: 3-amino-4-hydroxybenzenesulfonic acid; M: naphthalene; N: 2- 
naphthalenesulfonic acid; O: 2-naphthol-6-sulfonic acid; P: 6-amino-2- 
naphthalenesulfonic acid (ANA); Q: 4-amino-1-naphthalenesulfonic 
acid; R: 5-amino-1-naphthalenesulfonic acid; S: 6-amino-4-hydroxy-2- 
naphthalenesulfonic acid; T: 6-amino-1-naphthol-3-sulfonic acid. Ab-
sorption and emission spectra of ThT were obtained using UV/vis ab-
sorption spectroscopy (Agilent, California, USA) and spectro- 
fluorophotometer (Shimadzu Corp., Kyoto, Japan). 

Fig. 1. (a) Schematic illustration of amyloid-beta (Aβ) plaque disaggregating nano-platform (APDN). (b) Research rationale. Step 1: a hit compound discovery via in 
vitro Aβ plaque disaggregation screening using the Aβ disaggregating agent library. Step 2: Nano-carrier loading on the hit compound derived from Step 1, and 
surface functionalization for Alzheimer’s disease (AD) brain targeting. 
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2.3. Transmission electron microscopy (TEM) imaging 

Samples for TEM analysis were prepared using the following method 
[45]; (i) A copper grid was treated with samples (5 μL) from either Aβ 
plaques (10 μM) or Aβ plaque disaggregation form at room temperature. 
The excessive samples on the grids were removed by washing three 
times with DI H2O. (ii) Each grid was stained with uranyl acetate (1% 
w/v DI H2O, 5 μL) for 1 min. Uranyl acetate was blotted off, and the grids 
were dried for 20 min at room temperature. (iii) The morphology of 
samples was analyzed by transmission electron microscopy (TEM, Tec-
nai, G2 F30ST, FEI Company, OR, USA) imaging at Korea Basic Science 
Center (Korea University, Seoul, Rep. of Korea). 

2.4. Thioflavin S (ThS) assay 

The presence of Aβ plaques and amyloid-beta plaque disaggregation 
form (incubated with the screening candidates for 24 h) were also 
assessed by thioflavin S (ThS)-based fluorescence analysis [43]. The 
samples (Aβ plaques, Aβ plaques with screening candidates) were added 
to 1 mL of ThS (0.5%) solution. The mixture was pipetted onto the 
slide-glass and dried at room temperature overnight. Then, fluorescence 
images were obtained using a laser scanning confocal microscope 
(CLSM, LSM800, Zeiss, Oberkochen, Germany). The confocal images 
were obtained under excitation at 520 nm (Laser power: 3.00%) with a 
detector (GaAsP, Detector gain: 680 V; Detector wavelength: 548–617 
nm). 

2.5. Preparation of porous silicon nanoparticles (pSiNPs) 

The pSiNPs were prepared by electrochemical etching of p++-type 
single-crystal silicon wafers (highly boron-doped); (i) A silicon wafer 
was electrochemically etched in an electrolyte (48% aqueous HF/ab-
solute ethanol (EtOH), 3:1, v: v). [Caution: HF is highly toxic, and proper 
care should be exerted to avoid contact with skin or lungs]. (ii) Before 
preparing the porous silicon (pSi) layer, the silicon wafer was electro-
chemically etched on a porous sacrificial layer with 3:1 (v:v) 48% 
aqueous HF/ethanol electrolyte. (iii) The resulting pSi layer was 
removed using 2 M potassium hydroxide solution (KOH). The perforated 
etching waveform was applied: a lower current density pulse of 46 mA 
cm− 2 for 1.8 s and a higher current density pulse of 334 mA cm− 2 for 0.4 
s, repeated for 300 cycles. The porous Si film was then detached from the 
silicon wafer by applying a current density pulse of 3 mA cm− 2 for 300 s 
in a solution of 7.5% aqueous HF in ethanol (lift-off step). (iv) The free- 
standing pSi film was placed in a sealed glass vial (22.18 mL size, VWR, 
Product No. 66011-143, Radnor, PA, USA) containing deionized water 
(DI H2O, 6 mL) and fractured to nanoparticles in an ultrasonic bath 
(VWR, Model No. VWRA142-0307, Radnor, PA, USA) for 24 h. (v) After 
sonication, the porous silicon nanoparticles (pSiNPs) were further 
incubated in DI H2O (12 mL) for 3 days at 25 ◦C to form a silicon oxide 
layer on the surface, and then filtered through a 0.22 μm syringe filter 
(Millipore, Millex syringe filter unit, 220 nm, Model No. SLGP033RS, 
Burlington, MA, USA). (vi) The filtered pSiNPs were collected by 
centrifugation (14000 rpm, 15 min) and redispersed/washed with EtOH 
(3 times). 

2.6. Preparation of Biotin-CaCl2-ANA-pSiNPs (BCAP) 

ANA stock solution (10 mg/mL DMSO, 100 μL) was added to the 
solution of pSiNPs (1 mg) dispersed in DI H2O (400 μL). The mixture was 
reacted with the 4 M CaCl2 stock solution (500 μL) for 2 h using a vortex 
mixer (600 rpm, Scientific industries, Inc., VortexGenie 2, Model No. SI- 
0246, Bohemia, NY, USA) at room temperature. The CaCl2-ANA-pSiNPs 
(CAP) were collected by centrifugation (14000 rpm, 15 min) and 
washed with DI H2O (1 mL) three times. Then, silane-PEG-biotin (5000 
Da) stock solution (100 μL, 10 mg/mL, EtOH) was added to the solution 
of CAP dispersed in EtOH (900 μL) and mixed using a vortex mixer for 2 

h at room temperature. After 2 h, the resulting BCAP was washed using 
EtOH (1 mL) three times and collected by centrifugation (14000 rpm, 15 
min) 

2.7. Characterization of nanoparticles 

To identify the structural changes of the pSiNPs nano-formulations, 
the hydrodynamic size, zeta-potential, and infrared absorption spec-
trum of the pSiNPs nano-formulations were analyzed using Malvern 
Instruments Zetasizer Nano and Attenuated total reflection Fourier 
transform infrared (ATR-FTIR) spectroscopy. In order to observe the 
structural changes of each formulation, image-based analysis was con-
ducted by transmission electron microscopy (TEM). 

2.8. Release profiling of BCAP 

The release profile of the loaded ANA from BCAP was measured by 
tracking the fluorescence signals of ANA using a spectro- 
fluorophotometer (Shimadzu Corp. RF-6000, Kyoto, Japan). BCAP (1 
mg) was dispersed in PBS (1 mL, pH 7.4), and the solution was incubated 
at 37 ◦C for the time intervals (0–120 min). At each time interval (30 
min, 60 min, 90 min, and 120 min), BCAP was removed from the 
aqueous phase by centrifugation at 14000 rpm for 15 min. The super-
natant was analyzed to determine the amount of the released ANA from 
BCAP using a 1-cm standard quartz cell (internal volume of 1 mL, 
Hellma Analytics, Germany). 

2.9. Animals 

Six-week-old male balb/c mice were obtained from DBL Co., Ltd. 
(Incheon, Rep. of Korea). Each cage housed 5 mice (27 × 22 × 14 cm) 
that had free access to food and water in the animal room under a 12-h 
light/dark cycle (lights on from 07:30–19:30) at a constant temperature 
(23 ± 1 ◦C) and relative humidity (60 ± 10%). The mice stayed in the 
animal room for a week before the experiments. Animal treatment and 
maintenance were performed according to the Animal Care and Use 
Guidelines by Kyung Hee University. All experimental protocols were 
approved by the Institutional Animal Care and Use Committee of Kyung 
Hee University (Approval number: KHSASP-22-024). 

2.10. Tissue imaging 

After the BCAP (10 mg/kg, i.v.) administration and circulation (2 h), 
the mice were anesthetized and transcardially perfused with PBS (pH 
7.4) and fixed with 4% paraformaldehyde. The main organs (brain, 
heart, lung, spleen, kidney, and liver) were dissected to perform further 
ex vivo analysis. The fluorescence tissue imaging system (FTIS, VIS-
QUE® InVivo Elite, Vieworks Co. Ltd., Rep. of Korea) was used for ex 
vivo tissue fluorescence imaging. The imaging experiment was carried 
out in a dark room. The data were acquired by tracking the signals of 
ANA (Channel: 390–490 nm excitation, 500–550 nm detection channel). 

2.11. Hemolysis test 

The blood was obtained from the hearts of the mice anesthetized 
with isofluorane. The red blood cells (RBCs) were extracted by centri-
fugation at 4 ◦C (3,000 rpm, 3 min) and washed in 1 × cold PBS (2 
times). The concentrations (ANA or BCAP) for the test were 0.03, 0.1, 
0.3, 1, and 3 mg/mL. ANA or BCAP were treated to the purified RBCs 
(8% working concentration, v/v, in cold 1 × PBS). [Positive control: 
0.1% (working concentration) Triton X-100]. The mixture was incu-
bated in a shaking incubator (200 rpm, 37 ◦C) for 1 h and then was 
centrifuged at 3000 rpm at 4 ◦C. The supernatant was measured under 
absorption at 450 nm. 
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2.12. Mouse model 

The prepared amyloid-beta plaque (222 μM) was stereotaxically 
administered (1 μL/min for 5 min) to bregma of the mice under anes-
thesia of isoflurane via intracerebroventricular (i.c.v.) injection using a 
Hamilton microsyringe (− 0.2 mm anteroposterior (AP), − 1 mm 
mediolateral (ML), and − 2.4 mm dorsoventral (DV)) [46]. The stereo-
taxic surgical procedure was performed in a separate heated room whose 
heating system controls the body temperature of the mice (maintained at 
36–37 ◦C). The temperature was monitored regularly using a ther-
mometer as the body temperature drop during anesthesia can induce tau 
phosphorylation. 

2.13. Y-maze test 

The Y-maze is constructed with three dark opaque polyvinyl plastic 
arms (40 × 3 × 12 cm) positioned at a 120-degree angle from each other 
[47]. The last administration of PBS, ANA, CAP, and BCAP was 1 h 
before the test. The sham group received a vehicle solution instead of 
ANA. Each mouse was initially placed in one arm, and the sequence of 
arm entry (i.e., ABC, CAB, etc.) was recorded over 8 min using a video 
camera-based EthoVision System (Noldus, Netherlands). Between each 
test, a 70% EtOH spray was used to remove any residual odors and 
residues in the Y-maze arms. An actual alternation was defined as an 
entry into all three arms consecutively (i.e., ABC, BAC, or CAB but not 
BCC or CCA). The actual alternation was manually observed by a person 
who was unaware of to the treatment. The alternation score (%) for each 
mouse was defined as the ratio of the number of actual alternations to 
the possible number of alternations (defined as the total number of arm 
entries minus two) multiplied by 100, as indicated in the following 
equation: % alternation = [(number of alternations)/(total arm entry 
numbers–2)] × 100. 

2.14. Passive avoidance test (PAT) 

The PAT has been used to measure long-term memory in mice. The 
passive avoidance test was performed over two consecutive days for an 
acquisition and retention trial in an apparatus consisting of two attached 
chambers (20 × 20 × 20 cm) connected by a door (5 × 5 cm) [48]. One 
chamber was a light chamber (50 W bulb) and the other was a dark 
chamber without a light source. Both chamber floors have 2 mm stain-
less steel bars at 1 cm intervals. On the first day, the acquisition trial was 
conducted. The mice were put gently in the light chamber. The door 
between the light chamber and dark chamber was opened 10 s later and 
was closed automatically after the mice entered the dark chamber. Then, 
an electrical shock (0.5 mA, 3 s) was applied to the mice’s foot through 
the stainless-steel bars. If a mouse did not enter the dark chamber within 
60 s, it was forced to enter the dark chamber, and the latency was 
recorded as 60 s. The retention trial was performed 24 h after the 
acquisition trial. The mice were put in the light chamber, and the door 
was opened 10 s later, under the same condition as the acquisition trial. 
The time taken for the mice to enter the dark chamber was recorded, and 
the mice were not given an electric shock this time. The maximum la-
tency was set up to 300 s. If a mouse did not enter the dark chamber after 
the door was opened, the latency was recorded as 300 s. 

2.15. ELISA assay 

The blood collected from the mouse model was centrifuged for 3 min 
at 3,000 rpm and 4 ◦C and the plasma (supernatant) was collected for 
protein analysis. Interleukin 6 (IL-6) in the plasma of the mouse models 
was measured using an ELISA kit (Novex, Model No. KMC0061, US), 
following the manufacturer’s protocol. 

2.16. ThS tissue staining 

The mice were sacrificed after the passive avoidance test and were 
subjected to perfusion with PBS (50 mM, pH 7.4) and fixation (4% 
paraformaldehyde). After perfusion, brains were removed with post- 
fixation overnight at 4 ◦C and incubated in 30% sucrose at 4 ◦C. 
Sequential 25-μm-thick coronal sections were prepared by a cryostat 
(CM1850; Leica, Wetzlar, Germany) and stored at 4 ◦C. Free-floating 
sections were incubated for 10 min in 1% thioflavin S dissolved in 
50% ethanol, followed by two washes with 50% ethanol for 5 min, 
respectively, and one wash with distilled water for 5 min; the sections 
were then stained by applying mounting medium. 

2.17. Statistical analysis 

The data are presented as the mean ± standard error of the mean (S. 
E.M). The ThS intensity was analyzed by unpaired t-tests. The results of 
the IVIS data, hemolysis test, Y-maze test, PAT, and ELISA assay were 
analyzed by one-way analysis of variance (ANOVA) with Tukey’s mul-
tiple comparison test. All statistical results were analyzed by Prism 8.0 
software (GraphPad, La Jolla, CA, USA). 

3. Results and discussion 

3.1. Library screening and hit compound identification 

First, the Aβ plaque disaggregating agent library containing sulfonic 
acid and similar structures (Fig. 2a) was constructed as aliphatic sulfonic 
acid compounds including EPPS and HEPES are reported to have Aβ 
plaque disaggregation properties, which was addressed in our previous 
work. However, such compounds require high concentration for AD 
therapeutic applications, and their low brain-targeting with BBB pene-
tration is considered a critical weakness. To address such issues, we tried 
to find a new agent from the sulfonic acid-containing molecular library. 
The library consists of simple aliphatic sulfonic acid analogs (A–H), 
benzene sulfonic acid analogs (I–L), and naphthalene sulfonic acid an-
alogs (M–T). The hydroxyl group and primary amine group were 
introduced to verify the hydrogen-bonding effect of analogs toward Aβ 
plaques, and the aromatic rings were introduced to verify the hydro-
phobicity and lipophilicity effect. 

A hit compound from the library was identified by thioflavin T (ThT) 
assay (Fig. 2b). ThT could bind to Aβ plaques and has a fluorescence 
turn-on signal. The candidates (from the agent library, 100 μM) were 
treated to the complex of Aβ plaque (10 μM) and ThT (10 μM), and the 
fluorescence signal changes were monitored after incubating for 24 h at 
37 ◦C. After 24 h, UV/vis absorption and emission spectra changes of 
ThT were measured (Fig. 2c, Fig. S1, Fig. S2). The emission intensity of 
compounds at 482 nm, which is the maximum peak of ThT, confirmed 
that compound P, 6-amino-2-naphthalenesulfonic acid (ANA), exhibited 
23.11% of the original emission intensity where only Aβ plaques existed, 
and its intensity change was the most significant. Similar results were 
verified by other known Aβ plaque sensing dyes, including Nile red and 
AOI 987 (Fig. S3). Under the given experimental condition, compounds 
A (EPPS) and B (HEPES) showed no significant activity for Aβ plaque 
disaggregation. The only difference between ANA and the compound O/ 
Q-R is the functional group and the location of sulfonic acid, but their Aβ 
plaque disaggregating ability significantly differs. Our study focuses on 
identifying the property of ANA and its therapeutic ability. To under-
stand the working concentration of ANA, ANA (0–100 μM) was treated 
with a mixed solution of Aβ plaques (10 μM) and dye (10 μM) and 
incubated for 24 h at 37 ◦C. Then, UV/vis absorption and emission 
spectra of dye were measured (Fig. 2d, Fig. S3). The results confirmed 
that ANA can be efficacious even at concentrations as low as 10 and 30 
μM, which is an enormous advantage in drug development. Next, the Aβ 
plaque disaggregating ability of ANA was measured at various pHs (3, 5, 
7, 7.4, and 9) to see if there was a change in the efficacy according to the 
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pH change (Fig. 2e, Fig. S4). As in the previous ThT assay, ANA was 
incubated in several pH solvents and was confirmed to have Aβ plaque 
disaggregation efficacy at all pH levels. In particular, ANA had the 
highest Aβ plaque disaggregation efficacy between pH 5 and 7.4, and the 
pH around the Aβ plaque was between pH 6 and pH 7.4. This sub-
stantiates that ANA holds promising potential for clinical applications. 

Next, the disaggregation of Aβ plaque after treatment of ANA was 
verified by transmission electron microscopy (TEM) imaging (Fig. 2f) 
and confocal laser scanning microscope (CLSM) imaging (Fig. 2g and 2h, 
Fig. S5). TEM and CLSM data were acquired from two sets; (i) Aβ plaque 
(20 μM) and (ii) ANA (100 μM)-treated Aβ plaque (20 μM). The TEM 
images represented that Aβ plaque was significantly disaggregated in the 
ANA-treated set. For the CLSM imaging, thioflavin S (ThS) was treated to 
the Aβ plaque before adding ANA. As shown in Fig. 2g, a significantly 
reduced fluorescence intensity of ThS was observed in the ANA-treated 
set, which confirms that Aβ plaque disaggregation induced an emission 
intensity loss of ThS. The emission intensity plots of ThS fluorescence 
images (Fig. 2h) corresponds with the TEM and CLSM imaging results. 

3.2. Preparation and characterization of Biotin-CaCl2-ANA-pSiNPs 
(BCAP) 

The in vitro Aβ plaque disaggregation screening (step 1) confirmed 
ANA as a hit compound for further study. However, as described above, 
the drawbacks of such negatively charged bioactive molecules require a 
nano-carrier to deliver itself to the brain selectively with high BBB 
penetration. Among the various nano-carrier, porous silicon nano-
particles (pSiNPs) have been shown high loading efficacy, low cyto-
toxicity, non-toxic dissolution products, and high tissue specificity, 
which can even deliver drugs to the brain across the BBB, through sur-
face modification [49,50]. 

The pSiNPs were prepared by electrochemical etching of a single 
crystal silicon wafer under a perforating etching condition and ultra-
sonic frustration within DI H2O (see details in the Experimental section) 
[51]. As-prepared pSiNPs were vortexed with ANA in the presence of 
CaCl2 for the calcium-silicate surface coating and the ANA loading 
within the pore structure of pSiNPs. The resulting intermediate, named 
CAP, was further functionalized with biotin-PEG-Si(OEt)3 (5000 Da) by 

Fig. 2. (a) Aβ plaque disaggregating agent library. (b) In vitro Aβ plaque disaggregation screening procedure using thioflavin T (ThT) assay to identify a hit 
compound from the Aβ disaggregating agent library. (c) The emission intensity plot (at 482 nm) of ThT (10 μM) in the presence of Aβ plaque (10 μM) and the agent 
library (100 μM) in PBS buffer (pH 7.4) at 25 ◦C. Excitation wavelength: 413 nm. Incubation time: 24 h. The data are shown as the means ± S.E.M. (n = 3). (d) The 
emission intensity plot (at 482 nm) of ThT (10 μM) in the presence of Aβ plaque (10 μM) and ANA (10–100 μM) in PBS buffer (pH 7.4) at 25 ◦C. Excitation 
wavelength: 413 nm. Incubation time: 24 h. The data are shown as the means ± S.E.M. (n = 3). (e) The emission intensity plot (at 482 nm) of ThT (10 μM) in the 
presence of Aβ plaque (10 μM) and ANA (100 μM) in various pH buffers at 25 ◦C. Excitation wavelength: 413 nm. Incubation time: 24 h. The data are shown as the 
means ± S.E.M. (n = 3). (f) Transmission electron microscope (TEM) images and (g) confocal images of Aβ plaques (20 μM) with/without ANA (100 μM) treatment. 
Scale bar: 200 nm. Excitation and emission channel: 520 nm, 548–617 nm. (h) The emission intensity plots of Aβ plaques (20 μM) with/without ANA (100 μM) from 
confocal images. The data are shown as the means ± S.E.M. (n = 8). ****<0.0001 when compared to the non-treated group. 
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hydrolytic condensation (Fig. 3a). The resulting nano-platform was 
named BCAP (Biotin-CaCl2-ANA-pSiNPs), which is expected to be 
accumulated to the AD brain by targeting biotin receptors in the endo-
thelial cells of the AD blood-brain barrier (BBB). BCAP had a loading 
efficiency of ANA at around 44.75%. The loading efficiency of ANA was 
determined by the following equation (1). To check the loading effi-
ciency, UV/vis absorption and emission spectra of ANA were first 
measured (Fig. S6). ANA showed a maximum absorption wavelength at 
338 nm with a maximum emission intensity at 420 nm, and the amount 
of ANA loaded was confirmed by measuring the emission intensity 
changes according to the concentration of ANA (Fig. S7). 

Loading efficiency (%)=
Wtotal ANA − Wun− loaded ANA

Wtotal ANA + Wtotal NPs
× 100 eq.(1) 

As-prepared pSiNP displayed a homogeneous particle size (mean 
hydrodynamic diameter of 141.1 nm, polydispersity index; PDI: 0.183, 
Fig. 3b) and a negative zeta-potential value of − 22.8 ± 7.13 mV (Fig. 3c) 
measured by dynamic light scattering (DLS). The ANA-loaded pSiNPs 
(CAP) showed a slightly increased size of around 179.3 nm (PDI: 0.192) 
with a slightly reduced negative surface charge (− 12.1 ± 4.84 mV). The 
PEGylated nanoparticle, BCAP, showed a slight size increment to 201.4 

nm (PDI: 0.106) with an increased negative surface charge (− 29.4 ±
6.48 mV). After confirming the size and surface charge of nanoparticles, 
the attenuated total reflectance Fourier-transform infrared spectrum 
(ATR-FTIR) analysis was conducted to confirm that the ANA loading and 
PEG surface functionalization were properly performed (Fig. 3d, 
Fig. S8). The ATR-FTIR of the pristine pSiNPs displayed two character-
istic bands corresponding to ν(O–H) stretching at 3550–3200 cm− 1 and 
ν(Si–O) stretching at 1065 cm− 1 [52]. The CAP showed several bands 
including bands corresponding to ν(N–H) at 3439 cm− 1 and ν(C––C) at 
1562 cm− 1 that were also observed in ANA [53,54]. BCAP also showed 
several fingerprint bands including bands corresponding to ν(C–H) at 
2921–2882 cm− 1 and ν(C–O) at 1084 cm− 1 that was also observed in 
biotin-PEG [55]. These ATR-FTIR results demonstrated that ANA was 
loaded within the pSiNPs, and biotin-PEG was successfully PEGylated on 
the surface. In addition, the morphology changes of nanoparticles were 
checked using TEM imaging (Fig. 3e). The pore size obtained from each 
TEM image was 11.1 nm for pSiNPs, 9.3 nm for ANA-pSiNPs, 3.9 nm for 
CAP, and 2.8 nm for BCAP (Fig. S9). The results confirmed that the pore 
of CAP and BCAP was clogged due to the calcium-silicate coating, but 
the ANA-pSiNPs (CaCl2 non-treated set) showed an open-pore structure 
that is prone to leak ANA. 

Fig. 3. (a) Schematic illustration of the preparation of BCAP. CAP: ANA-loaded and calcium-silicate-sealed pSiNPs. BCAP: Biotin-functionalized CAP. Silane-PEG- 
biotin (5000 Da) was used. (b) Average hydrodynamic diameter and (c) zeta-potential value of nano-formulations analyzed by dynamic light scattering (DLS). 
Polydispersity index: <0.3. (d) Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of nano-formulations, ANA, and Silane PEG Biotin. 
Symbols: ν = stretching. (e) Transmission electron microscopy (TEM) images of pSiNPs, ANA-pSiNPs (no CaCl2 sealing), CAP, and BCAP. Scale bar: 100 nm. (f) 
Emission intensity plot (at 420 nm) of ANA accumulated from the supernatant of BCAP (1 mg) during incubation (interval time: 30–120 min). Excitation wavelength: 
338 nm. (g) Emission spectra of ThT (10 μM) in the presence of Aβ plaque (10 μM) and the supernatant (ANA-containing) of BCAP (PBS buffer, pH 7.4, at 25 ◦C) that 
were obtained at each incubation time point. Excitation wavelength: 413 nm. (h) Scheme illustration of the animal study and FTIS image of AD mouse model organs. 
(i) The radiant efficiency plot of each organ from the FTIS image. The images were acquired tracking the signals of ANA (Channel: 390–490 nm excitation, 500–550 
nm detection channel). The data are shown as the means ± S.E.M. (n = 4). **<0.01 when compared to the PBS group. ##<0.01 when compared to the ANA group. 
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Next, the release profile of ANA from BCAP and its Aβ plaque 
disaggregation ability (Fig. 3f and 3g). BCAP (1 mg) was dissolved in 
PBS (pH 7.4) and vortexed in a shaking incubator at 37 ◦C. The super-
natants were collected every 30 min, and their UV/vis absorption and 
emission spectra were measured (Fig. 3f, Fig. S10). The spectra showed 
that almost all of ANA were released from BCAP within 90 min. The Aβ 
plaque disaggregating ability of ANA within the supernatant was 
confirmed by ThT assay in the presence of Aβ plaques (10 μM) (Fig. 3g, 
Fig. S11). As ANA existed within the supernatant, most of the Aβ plaques 
were disaggregated after treatment of the supernatant at all time points. 
Such results proved that the properties of ANA were maintained even 
after its loading/releasing from the nano-formulations. After confirming 
the basic characterization of nano-formulation, an animal study was 
conducted to confirm the AD brain targeting ability of BCAP. BCAP (10 
mg/kg) was administered via tail vein (intravenous, i.v.) to balb/c mice 
(AD mouse model). An AD mouse model was prepared by administering 
Aβ plaque via intracerebroventricular (i.c.v.) injection. After adminis-
tration and 2 h of blood circulation of BCAP, the main organs (brain, 
heart, lung, spleen, kidney, and liver) were harvested from all mice and 

their fluorescence signals were analyzed (Fig. 3h). The fluorescence 
signals of ANA were tracked to monitor the distribution of BCAP in the 
body using the imaging procedures, and the radiant efficiency of fluo-
rescence from each image was analyzed (Fig. 3i). Significantly high 
radiant efficiency was observed in the brain of the BCAP-treated group 
compared to other groups, which denotes that a greater amount of BCAP 
was accumulated to the AD brain and BCAP has superior brain-targeting 
ability in the AD mouse model. The high fluorescence intensity in the 
lung or liver suggested that some ANA were distributed in the alveolar- 
capillary barrier of the lung since the drugs were injected intravenously 
[56]. In addition, since the drug still remained in the liver, it could be 
confirmed that the drug metabolism had not fully progressed and that 
the drug metabolism in the lungs rich in capillaries was progressing 
slowly accordingly [57,58]. 

3.3. Therapeutic efficacy analysis of BCAP 

We confirmed that ANA and its nano-formulation, BCAP, could 
disaggregate the Aβ plaque efficiently under in vitro conditions. In order 

Fig. 4. (a) Schematic diagram of the animal study. AD mouse model was prepared by stereotaxic administration of Aβ plaque. Drug injection (i.v.) was conducted 
from day 3–7. Main test: Y-maze test, passive avoidance test (PAT), IL-6 ELISA assay, and ThS staining of brain slice. (b) Hemolysis analysis results of BCAP. The data 
are shown as the means ± S.E.M. (n = 3). ****<0.0001 when compared to the Triton X-100 group. (c) Spontaneous alternation results of the Y-maze test. The data 
are shown as the means ± S.E.M. (n = 8). **<0.01 when compared to the sham group. #<0.05 when compared to the PBS group. (d) The results of PAT. The data are 
shown as the means ± S.E.M. (n = 8). ****<0.0001 when compared to the sham group. ###<0.001 when compared to the PBS group. (e) ELISA assay of interleukin 
6 (IL-6). The data are shown as the means ± S.E.M. (n = 4). *<0.05 when compared to the sham group. #<0.05 when compared to the PBS group. (f) Fluorescence 
image of hippocampal slices stained with ThS. The hippocampal slices were harvested from 5 groups (red arrows: location Aβ plaques). 
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to verify the in vivo activity of ANA and BCAP, behavioral tests, inter-
leukin 6 (IL-6) level analysis, and brain tissue staining were conducted in 
the AD mouse model (Fig. 4a). For the behavioral tests, the Y-maze test 
and passive avoidance test (PAT) were carried out to see whether ANA 
and BCAP can actually disaggregate Aβ plaques in vivo and improve the 
memory deficit. IL-6 is a representative cytokine that could be up- 
regulated by Aβ plaques and is a biomarker to track the level of Aβ 
plaques in the brain. The ThS staining was introduced to visualize the Aβ 
plaque’s distribution in the brain, particularly with a focus on the hip-
pocampus in the imaging analysis. Before proceeding the in vivo 
experiment, the applicable working concentrations of ANA and BCAP 
were determined through hemolysis assay (Fig. 4b, Fig. S12). The he-
molysis assay results of ANA and BCAP showed almost no toxicity up to a 
concentration of 3 mg/mL for both substances, which represented a high 
bioavailability. Based on the hemolysis assay results, the in vivo 
administration concentration was set to 8 mg/kg for the animal study. 

The AD mouse model was randomly divided into four groups; (i) 
PBS-treated group, (ii) ANA-treated group, (iii) CAP-treated group, and 
(iv) BCAP-treated group. The sham group (no Aβ plaques injection) was 
used as a control to confirm whether the Aβ plaques were properly 
formed within the AD mouse model brain. Each formulation was treated 
to the AD mouse model (Aβ plaque injection) every day from Day 3 to 
Day 7. On Day 5, the Y-maze test was performed to measure the working 
memory and spatial memory. The Y-maze test results demonstrated the 
percentage of spontaneous alternation and the number of total arm 
entries. The percentage of spontaneous alternation is a result of the 
spatial working memory of the mice, and this value is high if the memory 
of the mouse is normal. The number of total arm entries indicates how 
actively the mice moved, which can be changed by drugs or other fac-
tors. The results of spontaneous alternation obtained based on similar 
activity levels were used as reliable data. The results of the Y-maze test 
indicated that the spontaneous alternation level of the PBS-treated 
group was significantly lower compared to the normal group (sham 
group), but the BCAP-treated group maintained almost the same level 
(Fig. 4c). The results demonstrate that BCAP is effective in the AD brain, 
and the AD mouse model was properly prepared following the prepa-
ration methods in this work. However, there were no significant dif-
ferences in the total arm entries of mice in all groups (Fig. S13). 

Next, the passive avoidance test (PAT) was performed on Days 6–7 to 
measure traumatic memory recovery of the AD brain by comparing the 
latency time of mice in the given experimental condition. PAT can 
provide acquisition results from the mice on the first day and the 
retention results that confirmed memory retention by the mice on the 
second day. Retention results obtained based on similar acquisition re-
sults are used as reliable results. In the acquisition results, as in the total 
arm entry results of the Y-maze test, there was no significant difference 
among all groups, so we assumed that the PAT memory test was not 
affected by hyperactivity of the Aβ plaque or treatment of ANA/nano- 
formulations. On the other hand, there was a clear difference between 
the groups in the retention results. In the PBS-treated group, the latency 
time of the AD mice was significantly shorter when compared with the 
sham group. The latency time was slightly longer in the ANA-/CAP- 
treated group and significantly increased in the BCAP-treated group 
(Fig. 4d). The results of the Y-maze test and the PAT represent that BCAP 
had a high efficacy of memory improvement for the AD mice. 

After confirming the memory improvement by BCAP, the (i) IL-6 
level analysis and (ii) fluorescence-based Aβ plaque staining were con-
ducted to confirm that this memory improvement was caused by 
disaggregation of Aβ plaques. Firstly, the change in the level of IL-6 was 
analyzed (Fig. 4e). IL-6 is a multifunctional cytokine that regulates im-
mune response, hematopoiesis, acute phase response, and inflammation. 
Several previous reports reported that IL-6 is the most representative 
cytokine that is affected by Aβ plaque. The level of IL-6 was confirmed 
by ELISA assay by only separating plasma from the mice blood of each 
group on Day 7 when the behavioral experiment was finished. It was 
confirmed that the level of IL-6 in the PBS-treated group increased about 

2.5 times compared to the sham group, but the level of IL-6 decreased in 
the group treated with ANA, CAP, and BCAP, with the most significant 
decrement in the BCAP-treated group. These results indicate that the 
inflammatory response of mice was increased by Aβ plaques, which 
could be reduced by BCAP that disaggregates Aβ plaques. Secondly, ThS 
staining was performed on the hippocampus of all groups of mice 
(Fig. 4f). In the hippocampus slice image of the AD mice, a bright 
fluorescence signal of ThS was observed at the spot of Aβ plaques. 
However, the spots were partially reduced in the ANA-/CAP-treated 
group, and almost no spots were observed in the BCAP-treated group. 
The results of these in vivo experiments indicate that ANA has clear Aβ 
plaque disaggregation efficacy even in vivo, and its nano-formulation 
(BCAP) specifically delivers ANA to the AD brain. 

4. Conclusion 

In this study, we disclosed a new bioactive molecule, ANA, that 
disaggregates Aβ plaque efficiently and its delivery system to the AD 
brain using pSiNPs. Our rationale basis is that the sulfonic acid could be 
a key moiety to find a new therapeutic agent for AD, and a hit compound 
was discovered as a result of the agent library screening. The newly 
discovered ANA showed superior activity for the Aβ plaque disaggre-
gation with high biocompatibility. We introduced a nanoparticle-based 
formulation of ANA as a potential AD therapeutic nano-platform by 
delivering large amounts of ANA through the blood-brain barrier (BBB) 
with high brain accumulation. The nano-platform, called BCAP, was 
prepared based on ANA-loaded and calcium-silicate-coated pSiNPs with 
biotin-PEG functionalization on the surface. BCAP disaggregated Aβ 
plaques with a high efficacy in vitro and with a high biocompatibility in 
vivo, which ameliorated memory impairment and reduced the level of 
inflammation that were verified by the decrease of the actual amount of 
Aβ plaque in the AD brain. We believe that ANA can be developed as a 
new therapeutic candidate for the treatment of AD, and its nano- 
formulation, BCAP, can open a new era for more precise AD treatment. 
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