
�������� ��	
�����

New Potential Strategies for Alzheimer’s Disease Prevention: Pegylated
Biodegradable Dexibuprofen Nanospheres Administration to APPswe/PS1dE9
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Abstract 

Dexibuprofen loaded pegylated poly(lactic-co-glycolic) nanospheres prepared by sol-

vent diffusion method were designed to increase Dexibuprofen brain delivery reducing 

systemic side effects. Nanospheres exhibited a mean particle size around 200 nm (195.4 

nm), monomodal population and negative surface charge. Drug loaded nanospheres 

showed a sustained release profile, allowing to modify the posology in vivo. Nano-

spheres were non-toxic neither in brain endothelial cells nor astrocytes and do not cause 

blood-brain barrier disruption. Nanospheres were able to partially cross the cells barrier 

and release the drug after co-culture in vitro experiments, increasing Dexibuprofen per-

meation coefficient. Behavioral tests performed in APPswe/PS1dE9 mice (mice model 

of familial Alzheimer’s) showed that nanospheres reduce memory impairment more 

efficiently than the free drug. Developed nanospheres decrease brain inflammation lead-

ing to β-amyloid plaques reduction. According to these results, chronical oral Dexibu-

profen pegylated poly(lactic-co-glycolic) nanosystems could constitute a suitable strate-

gy for the prevention of neurodegeneration. 

 

Keywords: nanoparticles, nanospheres, PLGA-PEG, Dexibuprofen, blood-brain barrier, 

Alzheimer’s disease. 

 

Abbreviations: Alzheimer’s disease, AD;  β-amyloid, Aβ; non-steroidal anti-

inflammatory drugs, NSAIDs; Dexibuprofen, DXI; poly(lactic-co-glycolic acid), 

PLGA; Food and Drug administration, FDA; nanoparticles, NPs; poly(ethylene glycol), 

PEG; nanospheres, NSs; polyvinyl alcohol (PVA); Mean average size, Zav; 

polydispersity index, PI; zeta potential, ZP; encapsulation efficiency, EE; transmission 

electron microscopy, TEM; Akaike’s information criterion, AIC; endothelial 

permeation coefficient, Pe; phospo-cAMP response element-binding, p-CREB; human 

serum albumin, HSA; Activity-Regulated Cytoskeleton-associated, ARC; brain-derived 

neurotrophic factor, BDNF 
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Background 

Currently, Alzheimer’s disease (AD) is a multifactorial and incurable neurodegenerative 

condition highly prevalent in old age. 
1
 It is widely accepted that brain increase in β-

amyloid (Aβ) levels, mainly Aβ42, and TAU phosphorylation are the main markers of 

the disease. Thus, approximately 25 years ago Hardy et al.
2
 proposed the “amyloid cas-

cade hypothesis”, where Aβ42 was primarily responsible of neuronal damage in AD. 

However, it has been demonstrated that Aβ42 cannot completely explain the process of 

neuronal loss in AD because drugs developed against βA42 do not improve all the relat-

ed disease symptomatology. Thus, alternative hypothesis had been developed, among 

them, the neuroinflammatory hypothesis where AD could be considered as a chronic 

brain inflammatory process.   Neuroinflammatory responses are characteristic of patho-

logically affected tissue in neurodegenerative disorders such as Parkinson disease, epi-

lepsy and AD. 
3
 Several evidence has been found indicating that increased peripheral 

inflammation leads to more neurodegeneration and accelerated disease progression in 

animal models. 
4
  

Inflammation occurs in vulnerable regions of the AD brain, with increased expression 

of acute phase proteins and proinflammatory cytokines, which are hardly evident in a 

normal brain. Glial cells (microglia and astrocytes) are responsible for the inflammatory 

reaction through the generation of inflammatory mediators stimulated by βA42 oligo-

mers and plaques containing dystrophic neurites. Chronically activated glial cells can 

contribute to neuronal dysfunction and cell death through the release of highly toxic 

products.
5
 

Several studies confirm that the long-term treatment with non-steroidal anti-

inflammatory drugs (NSAIDs) such as ibuprofen, reduce the risk of AD, delay disease 

onset, ameliorate symptomatic severity, and slow cognitive decline. 
3,

 
6
 However, an 

important clinical limitation of ibuprofen, and in general of NSAIDs clinical administra-

tion,  are the gastrointestinal adverse effects. These can be reduced by the use of the 

active enantiomer, dexibuprofen (DXI), which is twice more potent than the former. 
7
 

DXI has been assessed on short-term treatment by Jin and co-workers
3
 on animal mod-

els of AD achieving successful results. In clinical studies, this enantiomer demonstrates 

to cause less side effects than the racemic mixture being therefore a good candidate to 

prevent AD. However, the typical secondary effects associated with NSAIDs (such as 

gastric toxicity) still appeared in human trials and would increase with long-term ad-

http://topics.sciencedirect.com/topics/page/Non-steroidal_anti-inflammatory_drug
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ministration. 
7, 8, 9  

In addition, due to the low water solubility of DXI, this drug exhibits 

many in vivo limitations like incomplete release, poor bioavailability, food interactions, 

and high inter-subject variability. 
10

 Side effects caused by continuous DXI administra-

tion could be overcome by the use of the drug encapsulated on nanostructured systems.  

To carry the drug across the blood-brain-barrier (BBB), facilitate its posology and avoid 

undesired side effects, polymeric nanoparticles (NPs) have been proposed. 
 

 

Biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) had been ap-

proved by the Food and Drug administration (FDA) and used as colloidal carriers for 

drug controlled release. 
11, 12

 Among other carriers, PLGA possess several advantages 

such as its biocompatibility, biodegradability and non-toxicity. Furthermore, these syn-

thetic polymers demonstrate higher reproducibility, are easily formulated and allow the 

control and prediction of the degradation kinetics. 
13

 Coating of PLGA NPs with 

poly(ethylene glycol) (PEG) represents an improvement since it increase particles circu-

lation avoiding their recognition by the reticuloendothelial system. 
14

 

 

The main goal of this work was the development of a formulation for brain delivery of 

DXI, based on nanospheres (NSs) composed of PLGA surrounded by PEG chains 

(DXI- PLGA-PEG NSs). The suitability of DXI-PLGA-PEG NSs to treat and prevent 

inflammation associated with AD has been demonstrated. In vitro studies of NSs 

transport across the BBB were undertaken and in vivo effectivity of the developed NSs 

on transgenic mice for AD were carried out. 

 

Methods 

PLGA-PEG 5% Resomer
® 

was obtained from Evonik Corporation (Birmingham, USA) 

and the active compound S-(+)-Ibuprofen (dexibuprofen) was purchased from Amadis 

Chemical (Hangzou, China). Water filtered through Millipore MilliQ system was used 

for all the experiments and all the other reagents were of analytical grade. 
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Nanospheres production 

NSs were prepared by solvent displacement method described elsewhere. 
15

 NSs mean 

size (Zav) and polidispersity index (PI) of DXI loaded PLGA-PEG NSs were determined 

by photon correlation spectroscopy (PCS) using a ZetaSizer Nano ZS (Malvern 

Instruments). Measurements were carried out by triplicate at angles of 180
o
 in 10 mm 

diameter cells at 25 
o
C. Zeta potential (ZP) was calculated from electrophoretic 

mobility. 
16

 

The encapsulation efficiency (EE) of DXI in the NSs was determined indirectly. The 

non˗entrapped DXI was separated using filtration/centrifugation. DXI was measured by 

HPLC method as is described on previous publications. 
17

 

 

Design of experiments 

Design of experiments (DoE) was applied to optimize formulation parameters using a 

full factorial design. 
18

 Series of independent parameters and their influences in DXI 

loaded NSs were studied, determining the effects and interactions between factors. 
19

  

As can be observed on Table 1, concentration of each formulation compound and pH of 

the aqueous phase were used as independent variables and Zav, PI and ZP of the NSs 

were studied. 

 

Nanospheres characterization 

To visualize the optimized DXI loaded NSs, negative staining was carried out with 

uranyl acetate (2%) on copper grids activated with UV light. NSs morphology was 

determined by transmission electron microscopy (TEM), performed on a JEOL 1010 

microscope (Akishima, Japan).  

 

Storage stability 

DXI loaded NSs stability at 4, 25 and 38 
o
C was assessed studying light backscattering 

and transmission profiles by using Turbiscan
®

Lab. For this purpose, a glass 

measurement cell was filled with 20 ml of sample. The radiation source was a pulsed 

near infrared light and was received by a transmission and backscattering detectors at an 
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angles of 90 and 45° from the incident beam, respectively. Data were acquired once a 

month for 24 h at 1 h intervals.  

 

In vitro drug release 

An inverse dialysis was performed under “sink conditions”. This technique is based on 

the dispersion of the colloidal suspension in the dialysis medium (buffer solution) at 

37
o
C. 

20
 At predetermined intervals, one sac containing 1 ml of sample was withdrawn 

from the stirred release medium and simultaneously replaced with 1 ml of fresh buffer 

at the same temperature. 

Akaike’s information criterion, AIC, was determined as an indicator of the model’s 

suitability for a given dataset. The model associated to the smallest AIC value is 

considered as giving the best fit of the set of data. 
19

 

 

Cell culture 

Different cell lines were cultured for in vitro studies: cells derived from rat 

pheochromocytoma (PC12), mouse microvascular endothelial cells (bEnd.3 cells) and 

primary glial cells from brain rat cortex (astrocytes). PC12 cells were obtained from 

Sigma-Aldrich
®
. Primary cultures of astrocytes were obtained from bank Gaiker-IK4 

culture. Glial cells were from Sprague Dawley cerebral cortex of newborn rats. The 

endothelial cell line was maintained in its specific culture medium. 
21

 

 

Cytotoxicity studies 

The dye Alamar Blue is widely used as indicator of cell viability. 
22

 Absorbance was 

determined at λ of 570 nm (reduced form) and 620 nm (oxidized form) after incubating 

the cells with DXI NSs at different concentrations for 24 h. Data were analyzed by 

calculating the percentage of Alamar blue reduction and expressed as percentage of 

control. 
22, 23
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In vitro transport across the BBB 

In vitro BBB models have become a standard tool to estimate the ability of drugs to 

overcome this barrier. 
24

 For co-culture experiments, bEnd.3 cells were seeded in the 

apical part of polycarbonate transwell inserts. A semipermeable filter was placed and in 

the basolateral compartment cells from primary cultures of rat astrocytes were added at 

a density of 6·10
4
 cells/ml. 

25
 

Trans-epithelial electrical resistance (TEER) manual measurements were taken daily 

until a steady state was reached. To calculate the TEER of each insert, the equation /1/ 

was applied and values are expressed in Ω · cm
2
. 

TEER = [Ω cell monolayer - Ω filter (without cells)] · filter surface  /1/ 

bEnd.3 cells were co-cultured on the apical part of the inserts placing astrocytes on the 

basolateral compartment. Inserts were removed and placed in new media plates with 

Hanks + 0.5% bovine serum albumin (BSA). Apical media was removed, washed with 

Hanks and DXI loaded NSs were added in the apical part of the inserts and were left for 

one hour.  

In order to verify that DXI loaded NSs do not cause membrane disruption, a low 

paracellular permeability compound was added and quantified at the end of the study, 

namely, Lucifer yellow (LY). Membrane integrity was determined. 

NSs quantification on the basolateral compartment was carried out measuring PEG 

chains on a Triple Quadrupole LC/MS/MS Mass Spectrometer in MRM with a positive 

mode. Source was a Turbo Spray a 400 
o
C and separation module was a UPLC Acquity. 

Mobile phase was composed of methanol: water (0.1 % formic acid) and a gradient was 

applied. Mass variation was recorded at 710.8 and 89.10 Da. Proton nuclear magnetic 

resonance spectra (
1
H-NMR) was used to confirm that PLGA-PEG DXI structure after 

crossing the barrier. The spectrum was recorded at 298 K on a Varian Inova 500 MHz 

spectrometer (Agilent Technologies, Santa Clara, CA, USA) 
26

. 

 

Cellular uptake 

Cellular internalization was measured by labelling the DXI NSs with Rhodamine. PC12 

cells were cultured, collected, counted and then transferred to a 24-well plate and 

incubated overnight. Then the cell culture medium was replaced with medium 

containing Rho DXI NSs (2.5 mg/ml) and incubated for a predetermined times (5, 10, 
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15 and 30 min). After incubation, suspended NSs were removed and cells were washed 

trice with PBS to remove unbound NSs. Cell membranes were permeabilized by cell 

lysis solution and the fluorescence was read by spectrofluorometric methods. 
27

 

 

In vivo studies 

Male APPswe/PS1dE9 (APP) and C57BL/6 mice age matched with the same 

background were used. APP/PS1 animals co-express a Swedish (K594M/N595L) 

mutation of a chimeric mouse/human APP (Mo/HuAPP695swe), together with the 

human exon-9-deleted variant of PS1 (PS1-dE9), allowing these mice to secrete 

elevated amounts of human Aβ peptide. 
28

 The animals were kept under controlled 

temperature, humidity and light conditions with food and water provided ad libitum. 

Mice were treated in accordance with the European Community Council Directive 

86/609/EEC and the procedures established by the Department d'Agricultura, 

Ramaderia i Pesca of the Generalitat de Catalunya. Every effort was made to minimize 

animal suffering and to reduce the number of animals used. Forty 6 month-old animals, 

divided into four groups were used for the present study.  

 

Biodistribution studies 

Biodistribution was determined with Rho DXI NSs and 300 μl were administered by 

oral gavage. After 24 h, animals were sacrificed and tissues were weighted, collected, 

and homogenized. DXI NSs extraction with methanol was carried out and fluorescence 

of Rhodamine was measured by fluorescence spectrometry at λex 553nm and λem 627 

nm. Data was normalized with the negative control from mice treated with saline only. 

 

Long-term treatment in vivo studies 

Mice were treated for three months with DXI at therapeutic doses (50 mg/kg/day) and 

DXI loaded NSs were administered on alternate days. 
28,

 
29

 NSs volume was calculated 

for each animal previously weighted and was administered on a drinking bottle. 

Afterwards, NSs drinking bottle was replaced by untreated water for 24 hours. 
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Following in vivo testing, the animals were sacrificed and at least 6 mice in each group 

were used for histological studies. 
30

 

 

Gastric damage 

After treatment, mice were sacrificed and stomachs were removed, cut and rinsed with 

ice-cold distilled water. The ulcer index (UI) was determined.
31, 32

 The severity of the 

lesions was calculated as reported by other authors. 
33

 After scoring, the stomachs were 

frozen at -20 ºC for 24 h. Samples were allowed to thaw at room temperature losing the 

surface mucosa from the underlying tissue. The mucosa was removed by scrapping with 

the edge of a microscope slide, freeze dried and weighted.
32

 

 

Morris water Maze 

The Morris water maze (MWM) test was conducted in a circular tank. The water tank 

was colored white at a temperature of 21 ± 2 °C. A white platform was submerged in 

the middle of the northeast quadrant. Behavioral data were acquired and analyzed using 

a computerized video tracking system. The test procedure consisted of a six-day 

navigation testing with five trials per day and a probe trail. Animals were allowed to 

swim freely for 60 s to seek the platform and allowed to remain there for 10 s. If after 

60 s a mouse was not able to find the platform, it was guided to it and left there for 30 s. 

The probe trail was performed the day after the last training test. This day, the hidden 

platform was removed, and the mice were released from the southwest quadrant and 

allowed to swim for 60 s. Results were calculated individually for each animal. 
34

 

 

Western blot analysis 

Aliquots of hippocampus homogenate were analyzed using the Western blot method 

and normalized to GAPDH as previously described 
35

 Measurements are expressed as 

arbitrary units.  
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Immunohistochemistry studies 

To elucidate whether the differences in the cognitive behavior correlate with AD-related 

pathology on the brain, mice were anesthetized with sodium pentobarbital and perfused 

with 4 % paraformaldehyde. Brains were stored at 4 
o
C overnight dehydrated in 30 % 

phosphate-buffered sucrose solution. Samples were preserved at ˗80 
o
C and coronal 

sections of 20 µm were obtained by a cryostat (Leica Microsystems, Wetzlar, 

Germany).  

Sections were incubated overnight at 4 °C with the rabbit antibodies against GFAP 

(1:2,000; Dako, Glostrup, Denmark) and IBA-1 (1:1000, Wako) and sequentially 

incubated for 2 h with Alexa Fluor 594 goat anti-rabbit antibody at room temperature 

(1:500; Invitrogen, Eugene, OR, USA). Images were processed using ImageJ by 

comparing the different conditions and quantifying the integrated density. 

Staining of β-Amyloid plaques was performed using Thioflavin S (ThS 0.002 %, 

Sigma-Aldrich). Sections were counterstained with 0.1 μg/ml Hoechst 33258 (Sigma-

Aldrich, St Louis, MO, USA). 
36

 Samples were additionally stained with monoclonal 

anti-βA 1-42 (1:1000; Covance, USA) at 4ºC overnight. 
37

 

Samples were visualized using a fluorescence microscope (BX41 Laboratory 

Microscope, Melville, NY-Olympus America Inc). For each image, the proportion of 

total image area covered by fluorescently stained β-amyloid plaques was quantified. For 

each mouse, four fields per section with the highest density of plaques were chosen as 

representative and averaged. 
38

 

 

Statistical analysis 

All of the data are presented as the mean ± S.D. Two-way ANOVA followed by Tukey 

post hoc test was performed for multi-group comparison. Student's t-test was used for 

two-group comparisons. Statistical significance was set at p ˂ 0.05 by using GraphPad 

5.00 Prism. 
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Results 

Design of experiments 

Design of experiments (DoE) was used to optimize formulation parameters in order to 

obtain small and monomodal DXI loaded NSs (Zav < 200 nm, PI < 0.1) able to cross the 

BBB. Regarding NSs size, polymer concentration and PVA amount are the factors 

presenting a significant relationship (p<0.05). As is shown in Figure 1A, increasing both 

polymer and surfactant concentration leads to higher NSs Zav. The opposite effect was 

found regarding PI, were high polymer concentrations produced to less NSs size 

dispersion. As can be observed in Table 1, ZP values are negative due to polymer 

negative charge. Subsequently, higher polymer concentrations lead to more negative 

surface charge being NSs more stable (p<0.05). 
17

 As is shown in Figure 1B, this 

parameter is also affected by DXI concentration in an inverse relationship probably due 

to DXI masking of NSs surface charge.  EE results show that as DXI amount increased, 

EE was also higher. This could be probably due to the great polymer entrapment 

capacity which is not reached at the studied concentrations and also to the PEG chains 

in which the drug remains adsorbed. The maximum EE was obtained when the pH of 

the aqueous phase was similar as the pKa of the drug (DXI pKa 4.65). However, this pH 

increases NSs PI (Figure 1C). 

With this trends, a formulation was optimized. Optimized DXI loaded NSs formulation 

contain 4.5 mg/ml of DXI, 7 mg/ml of polymer, a low PVA amount (10.0 mg/ml) and a 

pH of 3.8.  NSs were centrifuged at 15000 r.p.m. for 30 minutes and observed by TEM 

(Figure 2) showing a round shape and a smooth surface. 

 

In vitro release 

DXI release data from the NSs was adjusted to hyperbola equation. Initial release 

corresponds to a burst effect, probably due to the drug adsorbed on NSs surface due to 

PEG chains. 
39

 DXI release from the NSs at 6 h achieves a maximum plateau (Bmax) at 

66.65 ± 1.27 %, lower than free DXI. Dissociation constant (Kd), for DXI loaded NSs, 

which corresponds to the time where 50 % of the drug is released, was 46.8 ± 3.0 

minutes. These results suggest a faster release as more drug is encapsulated inside the 

NSs.
17

 This would probably be due to the fact that after 6 hours, the NSs are still 
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achieving a sustained drug release whereas after 2 hours free DXI was completely 

released. 

 

Storage stability 

Storage stability assays at different temperatures showed that DXI loaded NSs were 

stable for two months at 25 and at 4 
o
C. In Figure 3A and 3B, backscattering and 

transmission profiles at each temperature could be observed. it could be noticed that 

samples are unstable within two months (differences of backscattering above 10%). 
40

 

As was shown on previous publications, samples present high levels of instability at 38 

o
C at the end of the first month (Figure 3C) due to polymer degradation processes. 

17
 

These results are in agreement with those obtained by other authors for these polymeric 

nanostructured systems. 
19

 

 

Cytotoxicity assays 

Cell viability was studied in both astrocytes and bEnd.3 cells prior to in vitro transport 

experiments. In addition, cytotoxicity was assessed in PC12 cell line.
41, 42

 As is shown 

in Figure 4A, in all the cell lines assessed, cell viability was higher than 80%, thus 

meaning that DXI loaded NSs do not damage neither endothelial brain cells nor 

neuronal cells in any of the assessed concentrations. These results suggest that the 

develop would be biocompatible with brain cells.
43

 

 

In vitro BBB transport 

Co-culture systems effectivity to predict the transport of drugs across the BBB has been 

demonstrated by other authors. 
24

 Graphical evidence of the NSs on the basolateral 

compartment after 1 hour of incubation could be observed in Figure 4B. In addition, H
1
-

NMR results show that both NSs peaks and DXI were present on the basolateral media 

(supplementary material S1). 

According to LY used as a control, NSs at 2.5 mg/ml do not cause damage on the cells 

forming the BBB being able to preserve membrane integrity. 31.4 % of the initial NSs 

remain inside the cells barrier. DXI was quantified on the basolateral and apical 
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compartments, 28% of the drug was retained by the cells within one hour and drug 

endothelial permeability coefficient, Pe, was 0.99 cm/s. 

 

Cellular uptake 

In order to elucidate if the developed NSs would be able to be internalized by the cells, 

NSs were labelled fluorescent with Rhodamine (Rho). Fluorescence was measured after 

cell lysis at different times for both Rhodamine and DXI as is shown in Figure 4C. DXI 

NSs were found to penetrate almost 100 % after the first 5 minutes of incubation and 

therefore, DXI would be released inside the cells. In addition, a decreasing in free Rho 

uptake confirm that the cellular uptake was not due to the additional fluorescent coating. 

 

Biodistribution studies 

24 hours after Rho DXI NSs administration by oral gavage, a considerable amount of 

NSs remain on the liver (supplementary material, S2). However, developed NSs were 

found also on the brain (0.37 mg/ml NSs /g tissue). PEGylation of PLGA NPs post-oral 

administration demonstrated to increase transport across the BBB. 
44

 PEGylated NPs 

have been reported to promote mucus penetration and increase drug half-life, in this 

case, after 24 hours, NSs remain in the brain. 
45

 Despite this fact, accumulation can be 

observed on the liver probably due to the elimination route of the nanosystems via 

uptake of Kupffer cells.  

 

Morris water maze and western blot analysis 

The effect of DXI loaded NSs and free DXI on the spatial learning and memory deficits 

in APP mice were conducted using the Morris water maze test.  

Escape latency of all groups trough the training days is supplied as supplementary 

material (S3). A clear trend could be stablished towards mice learning where untreated 

and free DXI treated groups showed similar learning capacities whereas DXI loaded 

NSs group present an evolution more similar to WT groups. In Figure 5 results 

corresponding to the probe trail could be observed. In Figure 5A, statistically significant 

differences were obtained regarding escape latency between transgenic groups treated 

either with free DXI or DXI loaded NSs compared with untreated APP animals. In 

addition, escape latency media corresponding to DXI loaded NSs was lower than the 

obtained for the free drug. 
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Regarding the time % in platform zone (Figure 5B), DXI loaded NSs spend higher 

percentages on this area whereas transgenic control group show no tendency to find the 

platform. Significant differences were obtained compared with the untreated groups 

with DXI loaded NSs, whereas free DXI do not shown significant values. The number 

of times that the animals cross the platform zone is supplied as supplementary material 

S4. In this parameter, also significant differences are observed with DXI loaded NSs 

and untreated transgenic groups. The same tendency but without statistical differences 

were observed for the number of entries on the platform (Supplementary material S5). 

Interestingly, our western-blot results, showed in Figure 5C and 5D, demonstrated that 

DXI increase the levels of monophosphate response element-binding protein (p-CREB). 

 

Gastric damage  

As can be observed on Figure 6A, DXI NSs did not shown significant differences on 

gastric damage compared with control group. Free drug produced an increase on 

stomach lesions compared with DXI NSs and control group. Similar results were 

obtained measuring the mucosal weight showing that free DXI produce significant 

differences against control group (p˂0.05) as can be observed on Figure 6B.
32

 

 

Immunohistochemistry studies 

The formation of Aβ plaques, which is a pathologic hallmark of AD, could be observed 

by Thioflavin˗S staining. Figure 6A shows results corresponding to amyloid plaques 

counting of APP/PS1 mice on brain cortex. ThS staining was negative for WT groups 

indicating the absence of fibrillar Aβ. 
46

 APP mice treated with DXI loaded NSs 

developed a certain number of plaques, which levels were significantly lower than those 

obtained for the rest of transgenic groups (p˂0.001), including free DXI groups. In 

addition, as can be observed in Figure 6B, plaques developed by free DXI or DXI 

loaded NSs groups were smaller than the untreated APP group.  

Glial cells are the source of released cytokines, which are implicated in the formation of 

Aβ plaques on AD development. 
47

 GFAP reactive cells had been defined as an 

indicator for astrocyte activation and, as is shown in Figure 7A and 7C, the number of 

reactive cells on the hippocampal brain sections of animals treated by DXI loaded NSs 

was lower than the untreated transgenic group. The same results, presented on Figure 

7B and 7D, were obtained regarding microglial activation (IBA1) showing DXI NSs 
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significant differences (p˂0.05) with the untreated transgenic groups. In addition, non-

significant differences were obtained between DXI loaded NSs and DXI administered 

continuously. 

 

Discussion 

Current therapeutic strategies for AD, suggest that modulation or prevention of chronic 

neuroinflammation process could be a suitable target for AD prevention. In the present 

manuscript, we have demonstrated in APP/PS1 mice that DXI loaded NSs have a bene-

ficial effect on key markers of AD namely Aβ plaque formation, glial activation and 

memory impairment.  

The BBB is one of the most restrictive barriers of the body allowing only small 

molecules such as the developed NSs to cross it. With the purpose to achieve brain drug 

release upon oral administration, DoE was applied to establish useful trends in NSs 

behavior in order to obtain a suitable formulation.  To obtain NSs Zav below 200 nm 

with high EE, an intermediate PLGA-PEG concentration and a high drug amount were 

chosen. The optimized NSs showed EE > 99 %, Zav < 200 nm and a narrow monomodal 

population. The in vitro prolonged release of DXI from the NSs could contribute 

towards a decrease of drug the drug regime dosage and reduced side effects such as 

gastric toxicity, both improving patient adherence to the treatment. 

Cytotoxicity studies confirm that the developed formulation does not affect cell viability 

neither on the cells of the BBB (bEnd.3 and astrocytes) or in neuronal cells (PC12). In 

vitro transport across the BBB experiments, show both DXI loaded NSs safety towards 

the BBB structure without compromising barrier’s limited permeability and also suggest 

that the DXI NSs produced a prolonged release. These results, along with the in vitro 

drug release suggest that NSs would release the drug slowly and part of the NSs would 

cross the BBB during the first hours of administration, as is confirmed by H
1
-RMN and 

TEM. Ibuprofen is reported by other authors 
48

 to be poorly distributed to the brain with 

Papp values oscillating between 0.31 and 0.41 To overcome this, optimized NSs would 

increase free drug Pe proving to be beneficial for brain delivery regarding free drug 

formulation. 
48,

 
49

 This could be due to the flexibility of PEG chains which act as a 

protective shield on the particles surface giving them the so-called stealth properties. 
50
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According to other authors, PEGylated PLGA NSs would enter later into the cells by 

claritin-mediated endocytosis. 
50

 

Biodistribution assays demonstrate that NPs are able to cross the BBB and remain in the 

brain 24 h after administration. Due to the higher surface area of the NPs and the 

increased mucoadhesitvity is probable that they are captured by the mucous layer of the 

GI tract and they are endocited and arrive to the brain via systemic circulation. High 

concentrations founded in the liver demonstrate that the elimination route would be via 

hepatic circulation.  In addition, DXI NSs decrease gastric damage produced by the free 

drug. 

In vivo experiments carried out comparing transgenic mice either without treatment or 

treated with the free drug or with DXI loaded NSs administered on alternate days 

showed that DXI NSs were more effective on spatial memory improvement than free 

DXI or untreated animals. In short, these results demonstrated that DXI loaded NSs 

could improve memory impairment compared to both free DXI and untreated transgenic 

groups. These positive results of DXI NSs against the free drug can be attributed to drug 

encapsulation and prolonged release into PEGylated NSs since PEGylation contributes 

to increase transport across the BBB.
50,

 
51

  

In brain cortex, DXI loaded NSs induce a significant amylogenesis decrease, which is 

one of the hallmarks of AD. Although the mechanism by which inflammation reduction 

inhibits amylogenesis have not been completely elucidated, a clear relationship is well 

known between Aβ plaques development and both astrocytes and microglial activation. 

47
  In the central nervous system, astrocytes and microglial cells are the main types of 

cells in the inflammatory response. 
4
 In a non-activated state (physiological conditions) 

glial cells are of great importance for neuronal plasticity processes and Aβ clearance 

and degradation. However, under certain conditions related to chronic stress, the role of 

glial cells may not be beneficial. Effectively, activation of glial cells induce 

morphologic changes, releasing cytokines, and neurotoxic agents that can worsen CNS 

damage. 
5
 Interestingly, we demonstrated that brain glial activation in APP mice is 

prevented effectively by DXI loaded NSs administered on alternate days. These results 

are in agreement with those obtained for microglial inflammation reduction. Since Aβ42 

oligomers and their precursor APP are potent glial activators, our data reinforce the 

potential chronic application of DXI loaded NSs in AD prevention. Obtained data 

indicates that DXI loaded NSs, prevent amylogenesis induced by neuroinflammatory 

processes by blocking cytokines release and glial activation. 
47

 These results are in 
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accordance with behavioral assays, indicating that DXI restored cognition by inhibiting 

the neuroinflammatory response associated with AD thus decreasing insoluble amyloid 

plaques and interestingly at the molecular levels through the increase of p-CREB. This 

data is relevant because an increase in p-CREB levels leads to the transcription of 

memory-associated genes such as c-fos, ARC, BDNF that are involved in the process of 

learning and memory. 
52

 

 

In summary, the current study shows that treatment with DXI loaded NSs represent an 

improvement for AD neuropathological markers, mainly a significant reduction of brain 

Aβ accumulation, glial activation and improved cognitive performance in APP mice. In 

addition, DXI loaded NSs were safe for brain cells and suitable for oral administration. 

Pegylated NSs were capable of increasing drug permeability across the BBB without 

cause disruption of the BBB. Thus, we suggest that DXI loaded NSs could be a suitable 

and safe strategy for a chronic treatment for AD prevention. 
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1. Surface response of DXI loaded NSs. A) PLGA-PEG and PVA concentration 

influence on NSs size, B) PLGA-PEG and DXI concentrations influence on NSs ZP and 

C) PLGA-PEG concentration and pH influence on NSs PI. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

25 
 

 

 

 

 

 

 

 

0 100 200 300 400
0

20

40

60

80

100

120
DXI NSs

Free DXI

time (min)

D
X

I 
r
e
le

a
se

 a
m

o
u

n
t 

(%
)

 

2. In vitro drug release of free DXI (adjusted to first order exponential kinetics) against 

DXI loaded NSs (adjusted to hyperbola equation) and NSs TEM. 
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3. DXI loaded NSs backscattering and transmission profiles stored at different 

temperatures. A) 4 
o
C, B) 25 

o
C and C) 38 

o
C. 

A) 

B) 

C) 
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4. In vitro studies A) Cell viability of DXI loaded NSs with different cell lines (bEnd.3, 

astrocytes, PC12), B) TEM image of DXI loaded NSs on the basolateral media after one hour 

of in vitro blood-brain barrier transport assay and C) Cellular uptake of Rhodamine labelled 

NSs at different times. 

B) 

C) 
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5. APP/PS1 mice results. A) Morris water maze escape latency on the probe trial, B) 

Morris water maze escape latency time in platform zone on the probe trial, C) Mean 

pCREB levels and D) Representative western blot of pCREB extracted from 

hippocampus. 
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6. In vivo studies after DXI treatment. A) Gastric damage score, B) Mucosal weight 

after freeze-drying, C) Mean counting of β-amyloid plaques in brain cortex after Th-S 

staining and D) Representative microscopic images of β-amyloid plaques. 

C) D) 
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7. Detection of inflammatory markers on hippocampus subfields on APP/PS1 mice. A) 

Immunostained for GFAP, ThS and Hoetsch, B) Immunostained for IBA-1 and 

Hoestch, C) Quantification of GFAP and D) Quantification of IBA-1 

A) 

B) 
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Table 1. Design of experiments of DXI loaded NSs. 

 c. PLGA PEG 
(mg/ml) 

c. PVA 
(mg/ml) 

c. DXI 
(mg/ml) 

pH Zav 
(nm) 

PI ZP  
(mV) 

EE  
(%) 

Factorial points 

F1 1 7.5 -1 12.0 -1 1.5 -1 3.8 212.6 ± 1.0 0.166 ± 0.016 -11.1 ± 0.3 91.06 

F2 1 7.5 1 18.0 -1 1.5 1 5.3 193.8 ± 1.0 0.057 ± 0.013 -12.3 ± 0.5 81.22 

F3 -1 4.5 -1 12.0 1 4.5 1 5.3 170.2 ± 1.0 0.055 ± 0.010 -6.3 ± 0.7 90.81 

F4 -1 4.5 1 18.0 1 4.5 1 5.3 166.4 ± 1.3 0.074 ± 0.021 -9.9 ± 0.9 99.99 

F5 -1 4.5 -1 12.0 -1 1.5 1 5.3 161.6 ± 0.7 0.085 ± 0.001 -9.0 ± 0.3 88.13 

F6 -1 4.5 1 18.0 1 4.5 -1 3.8 168.5 ± 1.1 0.091 ± 0.032 -8.4 ± 0.6 97.73 

F7 1 7.5 -1 12.0 1 4.5 1 5.3 192.4 ± 1.0 0.052 ± 0.019 -8.3 ± 1.7 94.38 

F8 1 7.5 1 18.0 1 4.5 -1 3.8 222.1 ± 29.7 0.171 ± 0.066 -3.2 ± 4.3 97.99 

F9 -1 4.5 -1 12.0 1 4.5 -1 3.8 103.2 ± 96.4 0.369 ± 0.547 -0.1 ± 0.3 95.40 

F10 1 7.5 1 18.0 -1 1.5 -1 3.8 249.6 ± 5.3 0.205 ± 0.018 -17.1 ± 0.6 96.47 

F11 -1 4.5 1 18.0 -1 1.5 -1 3.8 260.7 ± 11.0 0.314 ± 0.012 -12.5 ± 1.1 95.36 

F12 -1 4.5 1 18.0 -1 1.5 1 5.3 163.9 ± 0.6 0.060 ± 0.018 -7.4 ± 0.8 92.78 

F13 1 7.5 -1 12.0 -1 1.5 1 5.3 199.4 ± 10.4 0.203 ± 0.029 -11.7 ± 0.4 87.18 

F14 1 7.5 1 18.0 1 4.5 1 5.3 293.6 ± 6.7 0.235 ± 0.039 -15.1 ± 0.9 96.82 

F15 -1 4.5 -1 12.0 -1 1.5 -1 3.8 185.4 ± 1.3 0.053 ± 0.015 -8.6 ± 0.8 93.16 

F16 1 7.5 -1 12.0 1 4.5 -1 3.8 196.5 ± 0.9 0.068 ± 0.006 -5.9 ± 0.5 93.04 

Axial points 

F17 0 6 0 15.0 0 3.0 -1.68 3.2 181.3 ± 1.1 0.069 ± 0.027 -8.1 ± 3.7 97.94 

F18 0 6 -1.68 10.0 0 3.0 0 4.5 177.8 ± 1.1 0.060 ± 0.009 -12.4 ± 0.5 95.23 

F19 -1.68 3.5 0 15.0 0 3.0 0 4.5 196.9 ± 2.7 0.207 ± 0.014 -10.3 ± 0.5 94.35 

F20 0 6 0 15.0 0 3.0 0 4.5 204.7 ± 4.1 0.151 ± 0.027 -9.4 ± 0.7 88.69 

F21 0 6 1.68 20.0 0 3.0 0 4.5 310.7 ± 21.8 0.197 ± 0.046 -12.9 ± 0.5 96.42 

F22 0 6 0 15.0 -1.68 0.5 0 4.5 214.7 ± 9.47 0.212 ± 0.052 -16.2 ± 0.3 81.75 

F23 0 6 0 15.0 1.68 5.5 0 4.5 227.8 ± 17.7 0.224 ± 0.014 -11.7 ± 0.1 96.77 

F24 1.68 8.5 0 15.0 0 3.0 0 4.5 230.4 ± 20.2 0.191 ± 0.032 -19.0 ± 0.6 99.20 

F25 0 6 0 15.0 0 3.0 1.68 5.8 180.1 ± 4.7 0.073 ± 0.039 -11.9 ± 0.5 94.45 

Central points 

F26 0 6 0 15.0 0 3.0 0 4.5 204.7 ± 0.4 0.151 ± 0.008 -9.4 ± 0.3 88.69 

F27 0 6 0 15.0 0 3.0 0 4.5 172.6 ± 1.0 0.083 ±0.025 -8.8 ± 0.6 99.19 
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Graphical Abstract 

Dexibuprofen loaded PEGylated nanospheres were developed and administered in vivo for 

Alzheimer’s disease prevention. These nanosystems contribute to Dexibuprofen delivery into 

the brain. 
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Highlights 

- Factorial design has been proven to be useful to optimize Dexibuprofen loaded 

nanospheres 

- The in vitro release profile of Dexibuprofen nanospheres against free drug 

showed that the drug loaded NSs present a sustained release, slower than the 

free drug 

- Developed nanosystems increase drug transport across the blood-brain barrier 

- Gastric damage produced by free Dexibuprofen is reduced by drug loading to 

biodegradable NSs 

- Dexibuprofen NSs decrease memory impairment associated with Alzheimer’s 

more efficiently than the free drug. 


