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In recent years, nanoparticle (NP) systems have demonstrated significant promise in pharmaceutical 
applications. This study focused on the development of donepezil hydrochloride-loaded PLGA-
NPs, prepared using the ‘Double Emulsion Solvent Evaporation’ method. The impact of varying 
concentrations of polyvinyl alcohol-(PVA) in the aqueous phase and sonication time on NP 
characteristics was comprehensively examined. Results showed that increasing PVA concentration 
and sonication time resulted in a reduction in NP size, with an optimal formulation (I-DNP) achieving 
a particle size of 136.37 nm ± 0.93 and a PDI of 0.122 ± 0.011, indicating uniformity. The zeta potential 
was measured at − 24.17mV ± 1.21, confirming the electrostatic stability of the formulation, essential 
for long-term stability. Trehalose was incorporated to enhance stability, and gastrointestinal stability 
testing revealed that I-DNP degraded faster in acidic environments. The encapsulation efficiency 
reached 69.22 ± 4.84%, suggesting effective drug loading, and release studies exhibited a sustained 
release profile, with a Fickian and non-Fickian release mechanism. DSC, FT-IR, and 1H-NMR analyses 
confirmed the encapsulation and structural integrity of the formulation. In biological activity studies, 
I-DNP exhibited potent anti-AChE and anti-BuChE activities, with Chorioallantoic Membrane (CAM) 
assays showing significant inhibition of angiogenesis. These findings highlight the potential of I-DNP 
as a promising therapeutic strategy for Alzheimer’s disease, demonstrating its ability to enhance 
drug stability, controlled release, and potential blood-brain barrier (BBB) penetration. Future studies 
will focus on long-term stability testing and in vivo Alzheimer’s models to further validate its clinical 
applicability. This research contributes to the advancement of nanoparticle-based drug delivery 
systems for neurodegenerative diseases, paving the way for innovative therapeutic approaches.
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Cognitive decline is a prevalent condition among the aging population and a significant cause of death. According 
to the World Health Organization, it is estimated that more than 55 million people worldwide are affected by 
severe cognitive impairment, commonly known as dementia. This condition significantly impacts the lives of 
patients and their families, placing a burden on the healthcare system, society, and the global economy. While 
there are many different types of dementia, Alzheimer’s disease (AD) is one of the most common cognitive 
decline disorders. As a result, numerous clinicians, scientists, and researchers in academic, institutional, and 
industrial settings worldwide are dedicating significant efforts to find a treatment for AD. Unfortunately, despite 
these extensive efforts, a complete solution has yet to be found, and the underlying reasons for this gap continue 
to be investigated1,2.

The World Health Organization’s projections indicate that by 2030, one in six people worldwide will be over 
the age of 60, and the number of people over 60 will double by 2050. This suggests an increase in age-related, 
non-communicable diseases such as dementia and AD, the leading contributors to dementia. AD is the seventh 
leading cause of death globally and is a condition that significantly increases healthcare costs3.

At the beginning of the 20th century, Alois Alzheimer, Oskar Fischer, and other researchers examined 
histochemical observations of neurotic plaque accumulation (amyloid), neurofibrillary tangles/aggregate 
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formation (tau), neuroinflammation, synaptic/neural loss, and brain atrophy as pathological events that define 
AD. It was discovered that abnormal amyloid accumulation occurs years before the onset of AD (approximately 
10 years), while tau aggregation and accumulation begin only a few years before the onset of cognitive impairment 
in the neocortex. The areas in the brain where tau accumulates and deposits are strongly associated with regional 
atrophy and related cognitive deficits4,5. As a result, research suggests that biomarkers for AD are progressive 
neuronal and synaptic loss and the accumulation of two pathognomonic protein aggregates. These biomarkers 
are commonly represented in the literature by amyloid-β (Aβ) plaques and phosphorylated tau neurofibrillary 
tangles6. The synaptic levels of acetylcholine decrease as a result of cholinergic neuron involvement. The depletion 
of other neurotransmitters, loss of neural synapses, mitochondrial dysfunction, oxidative stress, inflammation, 
ischemia, insulin signaling, and cholesterol metabolism are among many other factors that can contribute to 
the pathophysiology of AD. The treatment of AD is shaped based on these factors7. The exact pathogenesis 
of AD, including neuronal degeneration and cognitive impairment, is still not fully understood. However, 
pharmacological and neurochemical evidence associated with AD indicates a deficiency in central cholinergic 
neurotransmission. The activity of choline acetyltransferase (ChAT), which synthesizes acetylcholine (ACh), 
is known to be significantly reduced in the brains of AD patients, particularly in the cortex and hippocampus. 
The depletion of ChAT is also correlated with the severity of cognitive impairment. Cholinesterase inhibitors 
(ChEI) increase ACh concentrations by preventing the hydrolysis of acetylcholine in the synaptic cleft, thereby 
enhancing cholinergic transmission8.

Postmortem analyses of the brain tissue of individuals with AD typically reveal damage and abnormalities in 
the basal and rostral cholinergic systems. The loss of cholinergic neurons leads to a decline in awareness, attention, 
learning, sleep, and working memory, emphasizing the importance of therapeutic interventions targeting 
cholinergic pathways. As a direct result of these approaches, acetylcholinesterase inhibitors (AChEIs) have been 
developed. Many of these inhibitors serve as clinically effective cholinergic substitutes and are widely used in 
the treatment of cognitive dysfunction associated with AD9. Despite the urgent need for AD treatment, no fully 
effective drug has been developed so far. The medications approved by the U.S. Food and Drug Administration 
(FDA) for clinical use are limited to rivastigmine, donepezil, galantamine, and memantine. However, due to the 
complex pathological features of AD, these drugs are only effective in alleviating symptoms10 In the modern era, 
AD is expected to spread globally. Therefore, various drug modifications have been developed aimed at crossing 
the blood-brain barrier (BBB). AD consists of three stages: mild, moderate, and severe. Donepezil, a piperidine 
derivative approved by the FDA in 1986, is the only drug used in the treatment of all stages of AD11. Donepezil 
hydrochloride (DNP) [((±)-2-[(1-benzyl-piperidin-4-yl)ethyl]-5,6-dimethoxyindan-1-one hydrochloride], 
commercially available as Aricept®, is a potent, selective, and reversible acetylcholinesterase inhibitor and is 
prescribed worldwide for the treatment of AD12.

In recent years, research on Alzheimer’s disease (AD) therapy has focused on specific targets such as 
glycogen synthase kinase-3 (GSK-3) and Fyn kinase. GSK-3 regulates key targets associated with neuronal 
degeneration, and its inhibition has been linked to the reduction of tau hyperphosphorylation, the prevention 
of β-amyloid formation, and neuroprotective effects. Therefore, GSK-3 inhibitors are considered a potential 
strategy for AD treatment. Similarly, Fyn kinase, a member of the Src family kinases, plays a crucial role in 
processes such as myelination and synaptic transmission in the central nervous system. Fyn is associated with 
two major pathological features of AD due to its interaction with tau protein and activation via amyloid-beta 
(Aβ). It mediates Aβ-induced neurotoxicity and synaptic dysfunction while also playing a role in the regulation 
of Aβ synthesis. Consequently, therapeutic inhibition of Fyn kinase is emerging as a promising target for AD 
management. Additionally, traditional medicinal formulations are also being explored for AD treatment. For 
instance, the neuroprotective mechanisms of the Bushen Tiansui formula have been investigated in a rat model 
induced with Aβ25–35, using untargeted metabolomic analyses in the hippocampus and cerebral cortex. Such 
studies highlight the potential of alternative therapeutic approaches. These findings emphasize the significance 
of new targets and strategies in AD treatment, providing valuable insights into understanding the complex 
pathophysiology of the disease and guiding the development of effective therapeutic interventions. There are 
important studies like this in the literature that aim to shed light on AD disease13–18.

Nano carrier systems (NCSs), with unique physicochemical and biological properties, are easily taken up 
by cells compared to larger molecules, making them effective drug delivery systems. NCSs used in medical 
applications must be biocompatible and non-toxic. Nanoparticles (NPs) are widely accepted as NCSs for medical 
use19. Key advantages of using NPs as drug delivery systems include the ability to modify particle size and surface 
properties for active or passive drug targeting, controlled and/or sustained drug release, high drug loading 
capacity, enhanced therapeutic efficacy, reduced side effects, and the use of various administration routes such 
as oral and nasal20.

Oral administration remains the most suitable, convenient, and optimal method for dosing most 
pharmaceutical agents. However, a major challenge for many orally administered drugs and drug delivery 
systems is overcoming several barriers before reaching their target sites. Research continues on approaches to 
improve the oral bioavailability of low-permeability and low-solubility compounds. The use of NPs as a drug 
delivery system has been recognized as one of these strategies in the literature. By applying nanotechnology 
to drugs, NPs are created to mimic or alter biological processes. While NPs range from 10 to 1000 nanometers 
(nm), those between 100 and 500 nm are preferred in medical applications21.

Poly(lactic-co-glycolic acid) (PLGA) consists of endogenous and easily biodegradable lactic and glycolic 
acid monomers, which is the main reason why NPs prepared with PLGA exhibit low toxicity or no toxicity 
at all. PLGA is a gold-standard polymer approved by the FDA and the European Medicines Agency (EMA). 
PLGA exists in different forms depending on the ratio of the monomers, and these forms can provide sustained 
release profiles over days to years. Additionally, both hydrophilic and hydrophobic active ingredients can be 
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encapsulated in NPs prepared with PLGA. PLGA is one of the most commonly used biologically degradable 
polymers22–24.

Various approaches can be used to produce/synthesize PLGA-based NPs. Two commonly used methods 
for preparing drug-loaded PLGA-based NPs are the double emulsion solvent/evaporation technique and the 
nanoprecipitation technique. The difference between these techniques is that hydrophilic drugs are more easily 
loaded into PLGA-based NPs using the double emulsion solvent/evaporation technique, while hydrophobic 
drugs are more easily loaded into PLGA-based NPs using the nanoprecipitation technique. DNP is a water-
soluble active compound, and therefore, in this study, PLGA-based NPs were preferred to be produced using the 
double emulsion solvent/evaporation technique25.

In this study, DNP-loaded PLGA-based NPs were successfully synthesized using the “Double Emulsion 
Solvent Evaporation” method. The main reason for choosing this method was its ability to control the NP size, 
as well as provide high loading capacity. To optimize the properties of the prepared NPs, the effects of the 
PVA (polyvinyl alcohol) concentration in the aqueous phase and sonication time on NP size, surface charge, 
and stability were thoroughly examined. Experimental results showed that certain combinations of PVA 
concentration and sonication time had significant effects on NP properties, and the optimal formulation was 
determined based on these data. To enhance the stability of the selected optimal formulation, trehalose was 
added, and its protective effects were evaluated. Additionally, appropriate storage conditions for the formulation 
were identified. Stability tests were conducted in gastrointestinal (GIS) fluids over a 24-hour period to assess 
the formulation’s stability and its ability to maintain effectiveness in a biological environment. Furthermore, 
in vitro dissolution profiles, release kinetics, and solid-state characterization analyses were performed. These 
analyses were conducted to determine whether the NPs provided controlled drug release and whether their 
physicochemical properties were suitable. In the final phase of the study, biological activity tests were carried out.

As a result, this stufy provides important findings for the development of NP-based carrier systems with the 
potential to overcome the blood-brain barrier, which could be promising for AD treatment. These systems are 
expected to have significant potential for future clinical applications.

Materials and methods
Materials
Donepezil hydrochloride (DNP) was provided by DEVA (Istanbul, Türkiye). Resomer RG 502  H (PLGA), 
sodium hydroxide, and trehalose dihydrate were obtained from Sigma-Aldrich (USA). PVA (polyvinyl alcohol), 
hydrochloric acid, ethyl acetate, and potassium phosphate monobasic were also obtained from Sigma-Aldrich 
(Germany). Acetone and deuterated chloroform were sourced from Merck (Germany). Deionized water was 
used in all experiments (Milli-Q Academic, Millipore, Molsheim, France). All other chemicals were of analytical 
grade. The following equipment was used in the study: Refrigerator (Arçelik, Turkey), freezer (Liebherr 
LGEX 3410 Medline, Switzerland), analytical balance (Ohaus E1 2140, USA), lyophilizer (Scanvac-Coolsafe 
Pro, Denmark), magnetic stirrer (Jeiotech MS-53  M, Korea), micropipette set (Eppendorf, Germany), pH 
meter (WTW Profi Lab pH 597, Germany), probe sonicator (Sonics, USA), ultrasonic bath (Wisd Laboratory 
Instruments, Korea), UV spectrophotometer (Shimadzu, Japan), vortex (Jeo Tech, Korea), zetasizer (Malvern 
Nano ZS, UK).

Preparation of NP formulations
To prepare blank NPs, a 20 mg mL− 1 concentration of PLGA solution was first prepared by dissolving 60 mg 
of PLGA (Resomer RG 502 H) in 3 mL of ethyl acetate. This process was carried out with sufficient mixing 
time to ensure complete dissolution of the PLGA in the ethyl acetate. Then, 200 µL of polyvinyl alcohol (PVA) 
solution was gradually added to the prepared 3 mL PLGA solution, using an ultrasonic bath for 1 min. This step 
resulted in the formation of the W1/Y emulsion. The ultrasonic bath helped achieve a homogeneous emulsion by 
applying high-frequency sound waves to the solution. The obtained W1/Y emulsion was then gradually added 
to a 10 mL aqueous PVA solution containing the same concentration of PVA as the initial 200 µL PVA, using 
a probe sonicator operating at 60% amplitude. This step ensured that the emulsion was uniformly distributed, 
and the nanoparticle size was maintained at the desired level. As a result, the W1/Y/W2 emulsion was obtained. 
After preparing the W1/Y/W2 emulsion, the ethyl acetate solvent was evaporated. This process was carried out 
by stirring the emulsion on a magnetic stirrer (250  rpm) at room temperature, which evaporated the ethyl 
acetate. After the ethyl acetate was evaporated, centrifugation was applied to collect the nanoparticles from the 
remaining aqueous solution. This process was performed at 11.000 rpm, 4 °C for 30 min. After centrifugation, 
the supernatant was carefully removed, and the collected nanoparticles were resuspended in 15 mL of distilled 
water. To ensure complete washing of the NPs and removal of any residues, this process was repeated three times. 
After each centrifugation step, the supernatant was carefully discarded, and the NPs were redistributed in distilled 
water. In this way, clean and pure NPs were obtained. This detailed preparation and washing process ensured the 
production of high-quality nanoparticles with consistent properties. The same process was used when preparing 
the formulations with the active ingredient. The only difference from the blank NPs was the addition of 6 mg of 
DNP to the 200 µL polyvinyl alcohol solution26–28. The formulation contents, PVA concentrations, and probe 
sonication times are presented in Table 1.

Particle size, polydispersity index (PDI), and zeta potential
The particle size (PS) and polydispersity index (PDI) of NPs were analyzed using dynamic light scattering 
(DLS) on a Zetasizer Nano (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). The NPs were dispersed 
in distilled water for PS and PDI measurements. The zeta potential (ZP) was also measured using the same 
instrument in a disposable folded capillary zeta cell, with the samples diluted with distilled water at a room 
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temperature of 25 °C. All measurements were performed in triplicate, and the results were expressed as mean 
values with standard deviation (Mean ± SD)29–32.

Cryoprotectant effect and determination of storage conditions
To determine the cryoprotectant effect and storage conditions, the optimum NP, designated as I-DNP, 
was prepared. Initially, the PS, PDI, and ZP of the freshly prepared I-DNP formulation were measured. 
These measurements were performed to establish the initial physicochemical properties of the formulation. 
Subsequently, the prepared I-DNP formulation underwent centrifugation (11,000 rpm, 4 °C, 30 min). At this 
stage, a 5.0% (w/v) trehalose solution was prepared to be used as the cryoprotectant and was filtered through a 
0.22 μm membrane filter. After centrifugation, the collected NPs were subjected to a washing process, followed 
by the addition of 1 mL of the 5.0% (w/v) trehalose solution and vortexing. This step ensured the uniform 
distribution and coating of the NP with trehalose. The formulation with added trehalose was divided into five 
equal volumes (approximately 1 mL each) in eppendorf tubes. Different volumes of the 5.0% (w/v) trehalose 
solution were added to each tube: 200 µL to the first tube, 300 µL to the second tube, 500 µL to the third tube, 600 
µL to the fourth tube, and 800 µL to the fifth tube. This resulted in five formulations with varying concentrations 
and amounts of trehalose. All tubes were frozen at − 20  °C and then lyophilized. The lyophilization process 
converted the formulations into a suitable powder form for long-term storage. Prior to analysis, 1 mL of distilled 
water was added to each lyophilized nanoparticle formulation, which was then vortexed to resuspend the 
nanoparticles. After resuspension, the PS, PDI, and ZP were re-measured for each tube. These measurements 
were conducted to evaluate the cryoprotectant effect on the NPs and to assess the storage conditions. The results 
obtained from all the tubes were compared to determine the optimal storage conditions and the most suitable 
trehalose concentration. This study is crucial for ensuring the long-term stability of the formulations and 
identifying the ideal storage conditions33.

Short-term gastrointestinal stability evaluation
The stability of NPs, especially those made from hydrolytically degradable polymers like PLGA, is known 
to deteriorate over time. pH and temperature are important factors for long-term stability. In this study, an 
experiment was designed to evaluate the short-term stability of the I-DNP coded formulation. Before starting 
the experiment, solutions mimicking gastrointestinal (GI) fluids were prepared. The following solutions were 
prepared: pH 1.2 HCl buffer (Solution 1), pH 6.8 phosphate buffer (Solution 2), pH 7.4 phosphate buffer 
(Solution 3).

These three buffer solutions, along with distilled water used as a control, were placed in a shaking water bath 
at 37 ± 1 °C and 50 rpm to simulate the gastrointestinal environment (total of 4 Falcon tubes). The optimum 
I-DNP coded formulation was prepared and, after washing procedures, the volume was adjusted to 4 mL. From 
this NP dispersion, 1 mL was added to the three different incubated buffer solutions and distilled water. The 
stability study was carried out at 37 ± 1 °C in each environment. Samples were taken from each tube at specific 
time intervals (1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, and 24 h) and PS and PDI measurements were performed. Based 
on the obtained measurement results, the effect of different GI environments on the stability of PLGA NPs was 
evaluated. This study aims to determine in which pH and temperature conditions the NPs are most stable. The 

Code

Oil phase (Y1) Water phase (W1 ve W2)
PVA solution
W1:200 µL, W2: 10 mL

Probe sonication power
(Amplitude)

Probe sonication time
(s)PLGA DNP Ethyl acetate

A-Blank 60 mg – 3 mL %0.5 (w/v) %60 60

A-DNP 60 mg 6 mg 3 mL %0.5 (w/v) %60 60

B-Blank 60 mg – 3 mL %0.5 (w/v) %60 90

B-DNP 60 mg 6 mg 3 mL %0.5 (w/v) %60 90

C-Blank 60 mg – 3 mL %0.5 (w/v) %60 120

C-DNP 60 mg 6 mg 3 mL %0.5 (w/v) %60 120

D-Blank 60 mg – 3 mL %0.75 (w/v) %60 60

D-DNP 60 mg 6 mg 3 mL %0.75 (w/v) %60 60

E-Blank 60 mg – 3 mL %0.75 (w/v) %60 90

E-DNP 60 mg 6 mg 3 mL %0.75 (w/v) %60 90

F-Blank 60 mg – 3 mL %0.75 (w/v) % 60 120

F-DNP 60 mg 6 mg 3 mL %0.75 (w/v) %60 120

G-Blank 60 mg – 3 mL %1.0 (w/v) %60 60

G-DNP 60 mg 6 mg 3 mL %1.0 (w/v) %60 60

H-Blank 60 mg – 3 mL %1.0 (w/v) %60 90

H-DNP 60 mg 6 mg 3 mL %1.0 (w/v) %60 90

I-Blank 60 mg – 3 mL %1.0 (w/v) %60 120

I-DNP 60 mg 6 mg 3 mL %1.0 (w/v) %60 120

Table 1.  Formulation contents and conditions used in the preparation process.
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results provide important information regarding the GI environment in which PLGA NPs are most stable, which 
is crucial for the bioavailability and efficacy of the formulations34.

UV–visible spectrophotometric method
For in vitro studies, the quantification of DNP was performed using a UV spectrophotometer. Two different 
validation studies were conducted for the encapsulation efficiency (EE %) and in vitro dissolution studies.

UV–visible spectrophotometric method for EE % test
The UV technique was carried out at 325  nm using a quartz cell and a UV-160  A UV/vis recording 
spectrophotometer (Shimadzu). In this study, analytical validation studies were performed for DNP. A precisely 
weighed 25 mg of DNP was added to a 25 mL volumetric flask, and a standard solution with a final concentration 
of 1000 µg.mL− 1 was prepared by dissolving it in a mixture of acetone and distilled water (1:1, v/v). A calibration 
curve was generated using six concentrations of the standard solution (5–50 µg.mL− 1). To evaluate linearity, 
a linear regression analysis calculated by the least squares regression approach was used. To calculate the 
accuracy of the method, repeatability (within-day) and intermediate precision (between-day) were assessed. 
Three sample solutions (15, 25, and 35 µg mL− 1) were prepared and analyzed for each concentration. At the 
beginning of the procedure, the amount of known DNP reference standards added to the samples was recovered 
to assess accuracy. For this purpose, 10 mg of DNP was accurately weighed and placed into a 100 mL volumetric 
flask and dissolved in a mixture of acetone and distilled water (1:1, v/v). To evaluate accuracy, solutions with 
concentrations of 15, 25, and 35 µg mL− 1 were prepared from this stock solution. Regarding the selectivity and 
specificity of the method, spectra obtained from the UV spectrophotometer were compared by observing the 
overlap of the spectra of DNP, acetone: water (1:1, v/v) mixture, and I-Blank (blank formulation) in the range 
of 200–800 nm.

UV–visible spectrophotometric method for in vitro dissolution test
The UV technique was performed at 315  nm using a quartz cell and a UV-160  A UV/vis recording 
spectrophotometer (Shimadzu). In this study, analytical validation studies were conducted for DNP. A 
precisely weighed 25 mg of DNP was added to a 25 mL volumetric flask, and a standard solution with a final 
concentration of 1000 µg.mL− 1 was prepared by dissolving it in PBS (pH 6.8). A calibration curve was generated 
using six concentrations of the standard solution (5–40 µg.mL− 1). To evaluate linearity, linear regression analysis 
calculated using the least squares regression approach was applied. To calculate the accuracy of the method, 
repeatability (within-day) and intermediate precision (between-day) were assessed. Three sample solutions (15, 
25, and 35 µg.mL− 1) were prepared and analyzed for each concentration. At the beginning of the procedure, 
the amount of known DNP reference standards added to the samples was recovered to assess accuracy. For this 
purpose, 10 mg of DNP was accurately weighed and placed into a 100 mL volumetric flask and dissolved in PBS 
(pH 6.8). To evaluate accuracy, solutions with concentrations of 15, 25, and 35 µg.mL− 1 were prepared from 
this stock solution and analyzed. Regarding the selectivity and specificity of the method, spectra obtained from 
the UV spectrophotometer were compared by observing the overlap of the spectra of DNP, PBS (pH 6.8), and 
I-Blank (blank formulation) in the range of 200–800 nm35–40.

Encapsulation efficiency
The DNP content of the DNP-loaded PLGA-based NP formulation was evaluated by extracting the drug directly 
from the NP formulation. The lyophilized NP was carefully weighed to 5 mg. Then, 1 mL of acetone: water (1:1, 
v/v) was added, and the NPs were vortexed for 5 min to dissolve them. After vortexing, the prepared solution 
was filtered through a 0.22 μm membrane filter, and after appropriate dilutions, the DNP content was analyzed 
using a UV spectrophotometer at 325 nm24,41. Encapsulation efficiency was expressed as EE % and calculated 
using the following Eq. (1):

	
EE % =

(
Amount of DNP encapsulated

T heoretical amount of DNP in the formulation

)
× 100� (1)

Dissolution
Briefly, 5 mg of the formulation containing an amount equivalent to 5 mg of DNP and 5 mg of pure DNP were 
separately transferred into dialysis bags containing 2 mL of PBS (pH 6.8). The dialysis bags used were cellulose 
membrane tubes with an average flat width of 33 mm (1.3 inches) and a molecular weight cutoff (MWCO) of 
14,000 (D9652, Sigma-Aldrich).

The dialysis bags were then placed into a beaker containing 80 mL of dissolution medium and maintained 
at 37 ± 1 °C. To prevent evaporation of the dissolution medium, the receptor compartment/beaker was sealed. 
Samples (3 mL) were withdrawn from the medium at 1, 2, 3, 4, 5, 6, 7, 9, 12, and 24 h, and an equal volume of 
fresh medium (PBS, pH 6.8) was replenished each time. The DNP concentration in the samples was analyzed 
using a UV spectrophotometer at 315 nm.

The in vitro dissolution / release study was conducted in triplicate for both I-DNP and pure DNP, and the 
results were calculated as mean ± SD. Subsequently, the results were plotted as cumulative dissolution data38,42,43.

Release kinetics
The DDSolver software was employed to analyze the dissolution/release kinetics. After determining the 
dissolution results and profiles, the data were uploaded to the DDSolver application to evaluate four significant 
and widely used criteria. These criteria and coefficients include the correlation coefficient (Rsqr, R2, or COD), the 
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adjusted correlation coefficient (Rsqr_adj or R2 adjusted), the Akaike Information Criterion (AIC), and the Model 
Selection Criterion (MSC). To assess different models, the highest R2, R2 adjusted, and MSC values, along with the 
lowest AIC values, were used as benchmarks for selecting the best-fitting model44–46.

 Solid-state characterization
Thermal analysis
Thermal properties were analyzed using a differential scanning calorimeter (DSC-60, Shimadzu Scientific 
Instruments, Columbia, MI). Approximately 5  mg of each sample was placed in an aluminum crucible and 
subjected to a temperature range of 30–300 °C, with a heating rate of 10 °C/min and an air flow of 50 mL min− 1. 
Alongside the I-DNP sample, reference samples including pure DNP, I-Blank, and a physical mixture were also 
tested for comparison47,48.

 Fourier-transform infrared spectroscopy (FT-IR) analysis
FT-IR spectra were recorded using a Shimadzu IR Prestige-21 (Shimadzu Corporation, Kyoto, Japan) over the 
wavelength range of 4000–500 cm–1. The analysis included PLGA, DNP, the physical mixture, and the blank 
formulation, which served as reference samples49.

Nuclear magnetic resonance 1H-NMR) analysis
1H-NMR analysis was performed using an Ultra Shield CPMAS NMR spectrometer (Brucker, Rheinstetten, 
Germany). Samples were prepared by dissolving formulations in deuterated chloroform. Reference analyses 
were also conducted on the blank formulation, physical mixture, DNP, and PLGA50,51.

Biological activity studies
In vitro ache and BuChE inhibitor activity assay
The acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) enzyme inhibition activities of I-DNP 
and I-Blank were evaluated using a modified Ellman Test to enhance colorimetric detection. The test was 
conducted with key materials such as BuChE (from horse serum), AChE (from electric eel), Ellman reagent, 
buffer solutions (potassium dihydrogen phosphate and potassium hydroxide), 5,5′-dithiobis (2-nitrobenzoic 
acid) (DTNB), sodium bicarbonate, acetylthiocholine iodide (ATC), butyryl thiocholine iodide (BTC), gelatin, 
dimethyl sulfoxide (DMSO), and DNP. Measurements were performed at 412 nm using a BioTek-Synergy H1 
Microplate Reader on 96-well plates. Enzyme solutions (2.5 µg mL− 1), substrate solutions (0.075 M ATC and 
BTC), DTNB solution (0.01 M), and phosphate buffer (pH 8.0, 0.1 M) were prepared alongside test solutions 
containing DNP concentrations of 100, 200, and 400 µg mL− 1.

The assay involved two test solutions: the first contained phosphate buffer, DTNB, and enzyme solution 
(AChE or BuChE), while the second included phosphate buffer and substrate (ATC or BTC). Each well was 
loaded with 20 µL of the test solution and 110 µL of the first solution, mixed for 5 min, and incubated at 25 °C 
for 15  min. Following incubation, 80 µL of the second solution was added, mixed for 30  s, and the initial 
absorbance measurement was taken at 412 nm. The reaction was allowed to proceed for 5 min, and a second 
spectrophotometric measurement was performed33. The absorbance differences were calculated to determine 
the percentage inhibition rates (Eq. 2). The abbreviations used in the formula are as follows: B: Blank (the well 
where the test solution and substrate were not added), C: Control (the well where only the test solution was not 
added), A(B): Absorbance difference of the blank well, A(C): Absorbance difference of the control well, A(I): 
Absorbance difference of the test solution well.

	
Inh % = [(A (C) − A (B)) − (A (I) − (B))]

(A (C) − A (B)) · 100� (2)

CAM (chorioallantoic membrane assay) analysis
For the CAM (chorioallantoic membrane) assay, the protocol suggested by Kıyan and colleagues was modified 
and applied52,53. Fertilized chicken eggs used for the CAM method were obtained from Bursa HAS Tavuk A.Ş. 
(Sivrihisar). Due to the period of the experimental process takes place in the first (early) embryonic growth 
section, between the days 3–7, the test procedure does not call for any ethical committee approval indeed20.

 Pellet preparation
The I-DNP, I-Blank, and test substances were suspended in a 2.5% agarose (w/v) solution at a concentration 
of 1 mg mL− 1. From these suspensions, 10 µL samples were taken and placed on 5 mm diameter stainless steel 
cylinder supports, then solidified at room temperature to form pellets. The prepared pellets were applied to the 
CAM surface. A 2.5% agarose (w/v) solution was used as the control.

CAM analysis
Before starting the experiment, fertilized chicken eggs were incubated horizontally in an incubator set at 36.5 °C 
and 80% relative humidity for 72 h. During the incubation, the eggs were carefully rotated. After the incubation 
period, 10–15 mL of albumin (egg white) was slowly extracted from the bottom of each egg using sterile syringes. 
The eggshell and membrane at the top of each egg were then carefully removed. The developing embryo and 
CAM were covered with stretch film and incubated again under the same conditions (36.5 °C and 80% relative 
humidity) for another 72 h. When the CAM reached a diameter of approximately 2 cm, freshly prepared sample 
pellets were placed on the capillaries of the CAM in each egg. For each test substance, 10–15 pellets were applied 
to an equal number of eggs, and the openings were sealed with stretch film. Before evaluation, the eggs with 
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applied pellets were incubated for an additional 24 h under the specified conditions. A total of 15 eggs were used 
for each test substance.

Results and discussion
Particle size, polydispersity index (PDI), and zeta potential
The Double Emulsion Solvent Evaporation technique was selected for encapsulation due to the hydrophilic 
nature of DNP, which makes it more suitable for this method. This technique facilitates the efficient encapsulation 
of hydrophilic drugs within PLGA NPs by forming a water-in-oil-in-water (W/O/W) emulsion, ensuring better 
drug entrapment and a controlled release profile. Additionally, it allows for precise PS control, high encapsulation 
efficiency, and improved stability, which are crucial for optimizing NP-based drug delivery systems. Several 
studies have demonstrated the effectiveness of this method in encapsulating hydrophilic drugs within PLGA-
based NPs, further supporting its selection for this study.

In this study, polyvinyl alcohol (PVA) was used as a stabilizer and emulsifier in the Double Emulsion Solvent 
Evaporation method to facilitate the formation of homogeneous and stable nanoparticles. PVA plays a critical 
role in reducing surface tension, thereby stabilizing the water-in-oil-in-water (W/O/W) emulsion and preventing 
particle aggregation. This leads to a narrow size distribution with a low PDI, which is essential for achieving 
consistent drug delivery and enhanced bioavailability. Additionally, PVA improves encapsulation efficiency 
by forming a protective barrier around the DNP-loaded NPs, contributing to a sustained and controlled drug 
release profile. Given these advantages, PVA was chosen as the surfactant in alignment with previous studies that 
have demonstrated its effectiveness in PLGA-based NP formulations.

In this study, the PS, PDI, and ZP values of all formulations are presented in Table 2. According to the PS 
analysis results, it was observed that the DNP-loaded NP formulations had a larger PS compared to the blank NP 
formulations. When reviewing previous studies in the literature, it is noted that drug-loaded NP formulations 
are generally larger than blank formulations. This is explained by the fact that large molecular substances, such 
as polymers, encapsulate the active ingredient to form NPs, which can lead to an increase in the size of the 
resulting NP54. The smallest PS was obtained in the I-Blank and I-DNP formulations by using the highest PVA 
concentration (1.0% w/v) and the longest probe sonication time (120 s). These results indicate that increasing 
concentrations of the surfactant PVA used during the formulation process and longer probe sonication times 
reduce the PS. This suggests that the presence of the surfactant in the aqueous phase reduces surface tension, 
allowing newly formed surfaces to be more easily stabilized, thereby facilitating the production of smaller 
NPs55–58.

In the literature, PDI values that are generally considered optimal for evaluating the monodispersity of NPs 
are those smaller than 0.3, while values smaller than 0.5 are also considered acceptable. The monodisperse 
nature of the I-DNP formulation plays a crucial role in enhancing its therapeutic effectiveness by ensuring 
a uniform PS distribution, which directly impacts drug release, stability, and bioavailability. The low PDI 
observed in the formulation indicates a homogeneous NP population, leading to consistent pharmacokinetics 
and predictable drug release profiles. This uniformity is particularly beneficial for blood-brain barrier (BBB) 
penetration, a key challenge in the treatment of AD, as it improves cellular uptake and drug transport efficiency. 
Additionally, the stabilizing effect of trehalose further supports the structural integrity and stability of the 
NP, preventing aggregation and degradation during storage. These combined factors contribute to the overall 
therapeutic potential of the I-DNP formulation, making it a promising candidate for NP-based drug delivery in 

Code
PS, nm
(mean ± SD)

PDI
(mean ± SD)

ZP, mV
(mean ± SD)

A-Blank 177.93 ± 2.84 0.117 ± 0.018 -13.53 ± 0.51

A-DNP 182.70 ± 6.08 0.120 ± 0.018 -13.16 ± 3.21

B-Blank 173.50 ± 3.28 0.112 ± 0.043 -14.30 ± 0.44

B-DNP 179.67 ± 0.93 0.108 ± 0.006 -14.63 ± 0.81

C-Blank 170. 43 ± 0.35 0.110 ± 0.005 -16.13 ± 3.84

C-DNP 175.93 ± 3.89 0.106 ± 0.020 -15.46 ± 0.92

D-Blank 159. 87 ± 2.20 0.143 ± 0.007 -14. 33 ± 1.32

D-DNP 182.23 ± 1.99 0.216 ± 0.008 -11.50 ± 0.62

E-Blank 151.53 ± 1.50 0.129 ± 0.032 -13.57 ± 1.63

E-DNP 167.03 ± 0.67 0.152 ± 0.014 -11.33 ± 0.55

F-Blank 145.57 ± 2.54 0.132 ± 0.009 -12.53 ± 1.12

F-DNP 154.90 ± 2.23 0.109 ± 0.045 -11.80 ± 2.69

G-Blank 150.37 ± 3.66 0.159 ± 0.038 -19.63 ± 1.17

G-DNP 153.73 ± 1.97 0.147 ± 0.034 -23.39 ± 0.30

H-Blank 142.17 ± 4.88 0.145 ± 0.007 -17.83 ± 5.69

H-DNP 145.47 ± 3.62 0.133 ± 0.010 -21. 30 ± 0.61

I-Blank 134. 10 ± 2.19 0.135 ± 0.026 -18.25 ± 0.21

I-DNP 136.37 ± 0.93 0.122 ± 0.011 -24.17 ± 1.21

Table 2.  Particle size, polydispersity index (PDI), and zeta potential results.
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neurodegenerative diseases59. Based on the information in the literature, it can be concluded that all PLGA NPs 
prepared in this study were produced of high quality and monodisperse.

There are several studies indicating that PS is a critical factor for the successful passage of nanosystems across 
the blood-brain barrier. For example, a study by Pinheiro et al. found that all NPs were below 250 nm, emphasizing 
that this PS is important for the ability to cross the blood-brain barrier (BBB)60. Similarly, Revdekar and Shende 
suggested that systems suitable for diseases such as AD should typically be below 150 nm61. Another study by 
Madhu, Komala, and Pandian indicated that the optimal PS for nanosystems used in AD treatment is 121 nm62. 
In general, the literature recommends nanosystems with smaller PSs for the ability to cross the blood-brain 
barrier. The ability of the I-DNP formulation to cross the BBB is primarily attributed to its nano-sized structure 
and surface charge properties, which facilitate passive diffusion and endocytosis-mediated transport. NPs with 
a size below 200 nm have been reported to enhance BBB permeability by utilizing transcytosis pathways, such 
as adsorptive-mediated and receptor-mediated transport mechanisms. The negative zeta potential of the I-DNP 
formulation further contributes to its stability in circulation, preventing aggregation and ensuring efficient drug 
delivery to the brain. These characteristics suggest that the developed PLGA-based NP system may enhance the 
bioavailability of DNP, thereby improving its therapeutic potential in the treatment of AD63–66. In line with this 
literature information, the I-DNP coded formulation was chosen as the optimal formulation due to its smallest 
PS.

Upon examining Table  2, the prepared formulations have a negative ZP. PLGA has a negative surface 
potential due to its terminal carboxyl groups in neutral environments. This property explains the negative ZP 
values obtained for the formulations67. As noted by Öztürk and Aygül, a ZP value in the range of +/− 30 mV is 
considered acceptable for a stable colloidal system68. Studies by Müller, Mäder and Gohla have shown that zeta 
potential values between − 5.0 and − 15.0 mV are on the threshold of flocculation in nanosystems, with values 
between − 5.0 and − 3.0 mV indicating maximum flocculation69. Based on this information, the I-DNP coded 
formulation with a zeta potential of -24.17 mV ± 1.21 can be concluded to be stable.

Cryoprotectant effect and storage condition determination
The results for this study are presented in Table  3. Lyophilization (freeze-drying) is widely used to enhance 
the stability of pharmaceutical products and nanosystems and to facilitate their storage70. However, PS may 
increase during the lyophilization of NP formulations, so cryoprotectant agents are added. The most common 
cryoprotectants are trehalose, sucrose, glucose, and mannitol71. In this study, trehalose solution was used in 
different concentrations to prevent changes in PS after lyophilization of the I-DNP coded formulation. Trehalose 
was exclusively used as the stabilizing agent due to its well-established cryoprotective and stabilizing properties 
in NP formulations. Trehalose plays a crucial role in preventing aggregation and degradation during the freeze-
drying process by forming a protective glassy matrix around the NPs, thereby preserving their PS, PDI, and zeta 
ZP. Its biocompatibility, non-toxicity, and widespread use in pharmaceutical applications further support its 
selection as an ideal stabilizer. Given these advantages, trehalose was chosen to ensure the long-term stability 
and structural integrity of the developed NPs. After centrifugation and washing, the NPs were processed with 
a 5.0% (w/v) trehalose solution. Trehalose solution was added to five tubes in the following amounts: 200 µL, 
300 µL, 500 µL, 600 µL, and 800 µL, and then freeze-dried. After lyophilization, PS, PDI, and ZP were measured 
for each tube. The results showed that 800 µL of trehalose solution was sufficient to maintain a stable PS. It was 
found that this amount preserved the properties of the fresh formulation.

Short-term gastrointestinal stability evaluation
In this study, the stability of the I-DNP coded formulation, selected as the optimal formulation, was analyzed 
at 37 °C in different GI environments to better understand its short-term GI stability and in vitro dissolution 
profiles. These analyses were carried out for 24 h in pH 1.2 HCl buffer, pH 6.8 phosphate buffer, pH 7.4 phosphate 
buffer, and distilled water. It is known that NPs made from hydrolytically degradable polymers degrade over 
time. Temperature and pH are reported to have significant effects on the long-term stability of drugs72. Upon 
reviewing the analysis results (see Table 4), the behavior of NPs in different pH environments was observed to 
differ significantly. In the pH 6.8 phosphate buffer, pH 7.4 phosphate buffer, and distilled water, the PS showed 
a slower and less significant increase over time. In these environments, the PS increased minimally compared to 
its initial value. However, in the pH 1.2 HCl buffer, the PS increased rapidly. The PS showed a significant increase 
from zero time, reaching 514.8 nm ± 20.3 after 24 h. Literature suggests that the I-DNP coded NP formulation 
prepared in this study undergoes rapid degradation in the pH 1.2 HCl buffer, while it degrades more slowly in 
the other environments21,72. In conclusion, these analyses show that the I-DNP coded NP formulation exhibits 

Code
PS, nm
(mean ± SD)

PDI
(mean ± SD)

ZP, mV
(mean ± SD)

Fresh formulation 132.40 ± 4.59 0.156 ± 0.008 -20.60 ± 0.69

200 µL trehalose solution 165.33 ± 6.83 0.189 ± 0.024 -23.17 ± 1.75

300 µL trehalose solution 163.77 ± 0.97 0.246 ± 0.006 -20.17 ± 1.19

500 µL trehalose solution 152.67 ± 1.16 0.113 ± 0.018 -18.23 ± 1.37

600 µL trehalose solution 136.90 ± 2.74 0.106 ± 0.004 -23.07 ± 1.67

800 µL trehalose solution 135.53 ± 1.25 0.125 ± 0.033 -21.93 ± 2.10

Table 3.  Determination of cryoprotectant effect and storage conditions – study results.
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different stability profiles in GI environments and undergoes rapid degradation in acidic environments (pH 
1.2 HCl buffer). This information is crucial for evaluating the in vivo performance of the formulation and its 
potential applications.

UV–visible spectrophotometric method
The UV-visible spectrophotometric method designed for quantitative determination in EE % studies was 
validated in an acetone: distilled water (1:1, v/v) medium. As a result of the linearity study, the regression 
equation was found to be y = 0.0186x + 0.0177 (r² = 0.9992) in the concentration range of 5–50 µg.mL− 1. The 
%RSD calculated for each precision level (15, 25, and 35 µg.mL− 1) was found to be less than 2%, indicating 
that the method is precise. For the UV-visible spectrophotometric method, accuracy values were determined 
as 100.124 ± 0.207%, 99.770 ± 0.431%, and 99.925 ± 0.387% for the concentrations of 15, 25, and 35 µg.mL− 1, 
respectively. In the selectivity study, blank formulations (I-blank) and the acetone: water (1:1 v/v) mixture were 
analyzed photometrically between 200 and 800 nm and did not produce an absorbance peak at 325 nm. The 
LOD and LOQ were obtained as 1.275 µg.mL− 1 and 3.863 µg.mL− 1, respectively, which were lower than the 
lowest concentration studied in linearity, proving the suitability of the method.

In in vitro dissolution studies, the UV-visible spectrophotometric method designed for quantitative 
determination was validated in PBS pH 6.8 medium. The regression equation was found to be y = 0.0227x + 0.0253 
(r² = 0.9991) in the concentration range of 5–40 µg.mL− 1. The %RSD calculated for each precision level (15, 25, 
and 35 µg.mL− 1) was found to be less than 2%, confirming the precision of the method. For the UV-visible 
spectrophotometric method, accuracy values were determined as 100.306 ± 0.449%, 99.850 ± 1.275%, and 
100.074 ± 0.126% for concentrations of 15, 25, and 35  µg.mL− 1, respectively. In the selectivity study, blank 
formulations (I-blank) and PBS pH 6.8 were analyzed photometrically between 200 and 800 nm and did not 
produce an absorbance peak at 315 nm. The LOD and LOQ were obtained as 1.220 µg.mL− 1 and 3.694 µg.mL− 1, 
respectively, which were lower than the lowest concentration studied in linearity, proving the suitability of the 
method73–76.

As a result, the two methods proposed in this study can be used for routine and simultaneous DNP 
determination using simple and cost-effective approaches.

Encapsulation efficiency
EE % is a critical parameter for the prepared NP formulations, as higher encapsulation and loading efficiency 
allows for the administration of fewer NPs to the patient for a given drug dose. In this study, the EE % of the 
I-DNP coded formulation was determined to be 69.22 ± 4.84%. According to the literature, this result can be 
considered ideal, especially for oral applications34,77.

Dissolution
In previous studies, it has been observed that pH 6.8 PBS is a preferred medium for release and dissolution tests 
for DNP in the literature25,78. Based on GI stability evaluation and existing literature information, it was decided 
to perform the dissolution test in a pH 6.8 PBS environment for this study. The in vitro dissolution results are 
shown in Fig. 1. In the dissolution test conducted in this study, pure DNP showed a release rate of 79.3 ± 6.8% 
at the end of the first hour, and 97.6 ± 2.3% at the end of the second hour in pH 6.8 PBS. By the third hour, the 
release rate reached 99.8 ± 0.1%, indicating almost complete release. When the release profile of DNP from the 
I-DNP coded NP formulation was examined, the following release values were observed at 1, 2, 3, 4, 5, 6, 7, 9, 
12, and 24 h: 19.7 ± 3.5%, 22.6 ± 6.2%, 34.6 ± 3.4%, 40.3 ± 2.9%, 47.4 ± 3.1%, 52.6 ± 2.6%, 54.2 ± 4.8%, 60.4 ± 2.7%, 
68.4 ± 4.5%, and 83.7 ± 5.2%. Based on the literature, it is clear that the I-DNP coded NP formulation shows a 
slower and extended release compared to pure DNP. This release profile, continuing for 24 h, indicates that the 
formulation may potentially provide extended release effects79–81.

Release kinetics
The release kinetics results are presented in Table  5. Upon examining Table  5 and according to the defined 
criteria, it was determined that the DNP release from the I-DNP formulation follows the Weibull model. In 
the literature, the Weibull model is reported to be a highly suitable model for matrix-type nano drug delivery 
systems82–84. When all kinetic results were examined, it was found that the R², R² adjusted, MSC, and AIC values 

Hours

PS (nm, mean ± SD)

pH 1.2 pH 6.8 pH 7.4 distilled water

1 142.6 ± 0.4 211.4 ± 5.0 192.0 ± 3.5 177.0 ± 5.0

2 178.1 ± 2.7 207.0 ± 1.4 209.5 ± 4.7 193.7 ± 4.7

3 189.4 ± 17.5 207.7 ± 4.2 212.9 ± 4.4 190.5 ± 5.5

4 285.1 ± 5.6 192.0 ± 13.2 214.5 ± 4.1 219.6 ± 0.8

5 393.4 ± 13.7 206.6 ± 2.8 213.7 ± 2.0 218.5 ± 2.1

6 481.2 ± 5.8 208.7 ± 0.9 209.2 ± 3.5 207.6 ± 2.7

7 521.0 ± 16.6 220.3 ± 11.4 224.5 ± 5.4 220.0 ± 3.7

24 514.8 ± 20.3 218.9 ± 2.5 198.1 ± 4.1 218.1 ± 2.2

Table 4.  Short-term gastrointestinal stability assessment study results.
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were highest for the Weibull model. However, for some models, the obtained values, although not as high as the 
Weibull model, were quite close. In other words, a high correlation was observed between some models and the 
Weibull model. Such situations have also been previously reported in the literature85,86. As a result, all obtained 
data and literature review suggest that the release of DNP from the I-DNP NP formulation occurs through a 
combination of both Fickian (pure diffusion phenomenon) and non-Fickian (due to polymer chain relaxation) 
release mechanisms, rather than a single mechanism86.

Model R2 R2
adjusted MSC AIC

First-order (Tlag) 0.949 0.943 2.583 56.026

First-order (Fmax) 0.954 0.948 2.672 55.131

Higuchi 0.942 0.942 2.650 55.355

Higuchi (F0) 0.954 0.948 2.671 55.147

Korsmeyer-Peppas 0.939 0.932 2.401 57.847

Korsmeyer-Peppas (Tlag) 0.966 0.956 2.772 54.137

Baker-Lonsdale (Tlag) 0.976 0.973 3.314 48.709

Peppas-Sahlin 1 0.967 0.957 2.797 53.882

Peppas-Sahlin 1 (Tlag) 0.979 0.968 3.049 51.365

Peppas-Sahlin 2 0.974 0.971 3.258 49.268

Peppas-Sahlin 2 (Tlag) 0.984 0.980 3.541 46.439

Weibull 1 0.986 0.982 3.664 45.211

Weibull 2 0.990 0.989 4.202 39.832

Weibull 3 0.989 0.986 3.932 42.533

Weibull 4 0.980 0.971 3.135 50.508

Table 5.  Release kinetics results.

 

Fig. 1.  In vitro dissolution results graph.
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Solid-state characterization
Thermal analysis
In this study, thermal analyses were performed for DNP, PLGA, I-Blank, I-DNP, and the physical mixture, and 
Differential Scanning Calorimetry (DSC) curves/thermograms were obtained (see Fig. 2). Pure DNP exhibited 
two distinct melting peaks at 133.69 °C and 198.06 °C (see Fig. 2A). According to literature reviews, these two 
characteristic endothermic melting peaks are typical for the pure form of DNP and confirm its crystalline 
structure25.

In the blank formulation (I-Blank) and DNP-loaded I-DNP formulation, endothermic peaks were observed 
at 43.48 °C and 44.39 °C, respectively (see Fig. 2C and D). These peaks represent the glass transition temperature 
of PLGA, indicating the amorphous nature of the polymer27. In the thermogram of the DNP-loaded I-DNP 
formulation, no clear melting peak was observed. This suggests a possible reduction in the crystallinity of the 
drug and/or the dissolution of the drug in the melted carrier. In the thermogram of the physical mixture (see 
Fig. 2E), both the characteristic melting peaks of DNP and the glass transition temperature peaks of PLGA were 
observed. This indicates that the components of the physical mixture maintain their individual existence and 
characteristic properties. However, in the thermogram of the I-DNP formulation, the disappearance of DNP’s 
characteristic melting peaks suggests that the drug is encapsulated in an amorphous form and is molecularly 
dispersed within the polymer matrix, without undergoing any chemical changes during the formulation 
preparation process28.

As a result, thermal analyses confirm the crystalline structure of pure DNP, the glass transition temperature 
of PLGA, and the encapsulation efficiency and physical state of the DNP-loaded formulation. Specifically, the 
loss of the crystalline structure of DNP in the I-DNP formulation indicates that the drug is encapsulated in 
its amorphous form and is uniformly distributed within the polymer matrix. This suggests that the drug is 
effectively encapsulated within the polymer and maintains its chemical integrity during the formulation process.

Fourier-transform infrared spectroscopy (FT-IR) analysis
In this study, FT-IR analyses were performed for pure DNP, PLGA, I-Blank, I-DNP, and the physical mixture, 
and FT-IR spectra were obtained (See Fig.  3). In the FT-IR spectrum of pure DNP, sharp absorption bands 
observed at 1681.93 cm− 1 and 1313.5 cm− 1 correspond to the characteristic peak of the carbonyl (C= O) group 

Fig. 2.  Thermograms obtained from thermal analysis. *(A) DNP, (B): PLGA, (C) I-Blank, (D) I-DNP, (E) 
physical mixture.
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and the stretching vibrations of carbon–nitrogen (C–N), respectively (See Fig. 3A). In the FT-IR analysis, the 
carbon–nitrogen (C–N) stretching vibrations were observed within the expected spectral range, with aliphatic 
C-N stretching typically occurring between 1200 and 1350 cm− 1 and aromatic C-N stretching around 1650–
1700 cm− 1. These findings are consistent with literature values, confirming the structural integrity. These bands 
provide important clues for determining the chemical structure of DNP10. In the FT-IR spectra of PLGA, I-Blank, 
and I-DNP coded formulations (See Fig. 3B, C, and D, respectively), medium-intensity bands observed in the 
range of 1450 –1200 cm− 1 reflect the asymmetric and symmetric carbonyl-carbon (C-C(= O)-O) extensions of 
the PLGA polymer. Additionally, C-O stretching and C-H bending vibrations were observed in the range of 
1200 –1050 cm− 1 and 1450–850 cm− 1. These vibrations and bends can be attributed to the structural features 

Fig. 3.  FT-IR analysis results. *(A) DNP, (B) PLGA, (C) I-Blank, (D) I-DNP, (E) physical mixture.
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of PLGA. The presence of these bands reveals the characteristic features of the polymer in the spectrum87. The 
absence of new and distinct peaks in the FT-IR spectrum of the I-DNP coded formulation suggests that there is 
no chemical interaction between PLGA and DNP. This indicates that PLGA forms a physical mixture with DNP, 
without the formation of chemical bonds. In the I-DNP coded formulation (See Fig. 3D), the reduced intensity of 
the characteristic DNP peaks suggests a decrease in the crystallinity of DNP and its transition to an amorphous 
form. These results demonstrate that DNP is distributed at the molecular level within the polymer matrix and 
encapsulated. FT-IR analyses confirm that DNP exhibits a homogeneous distribution within the formulation 
and is effectively encapsulated in the PLGA polymer matrix. Furthermore, when evaluated together with the 
DSC results, this supports the notion that DNP exists in an amorphous form and retains its chemical integrity 
within the polymer matrix88. In conclusion, when all FT-IR analyses are collectively considered, it is clearly 
evident that DNP is molecularly distributed within the formulation and encapsulated within the polymeric 
structure. This demonstrates that effective encapsulation of DNP has occurred and that its chemical properties 
have been preserved during the formulation process. The FT-IR spectra support the structural integrity and 
stability of the physical mixture between DNP and PLGA, thereby supporting the effectiveness and reliability of 
the formulation.

Nuclear magnetic resonance 1H-NMR) analysis
In this study, 1H-NMR analyses were performed for pure DNP, PLGA, I-Blank, I-DNP, and physical mixture, 
and 1H-NMR spectra were obtained (see Fig. 4). As a result of the analyses, specific peaks for pure DNP were 
observed at the ranges of 7.43–7.64 ppm, 7.09 ppm, 6.82 ppm, 3.95 ppm, 3.82 ppm, 3.66 ppm, 2.65-3.00 ppm, 
1.84–2.06 ppm, and 1.54–1.85 ppm89. The 1H-NMR spectrum of pure DNP obtained in this study was found to 
be consistent with the values reported in the literature (see Fig. 5A). This compatibility confirms the accuracy 
and purity of the chemical structure of pure DNP. In the 1H-NMR spectrum of the blank formulation (I-Blank) 
without the active substance (see Fig. 4C), a similarity with the spectrum of pure polymer (see Fig. 4B) was 
observed, and no peaks corresponding to the specific DNP peaks were detected. This finding verifies that the 
I-Blank formulation consists only of PLGA polymer and does not contain DNP21. In the 1H-NMR spectrum of 
DNP-loaded I-DNP coded formulation, characteristic peaks of DNP were observed (see Fig. 4D). However, a 
decrease in the intensity of these peaks was noted. This reduction in peak intensity at characteristic ppm values in 
proportion to the molecular distribution and concentration of DNP indicates that DNP is molecularly distributed 
within the polymeric structure. This suggests that DNP has been successfully loaded into the nanoparticles 
and is homogeneously distributed within the polymer matrix55. These results demonstrate that DNP has been 
successfully encapsulated within the PLGA polymer matrix and exhibits a molecularly homogeneous distribution 
in this structure. The 1H-NMR analyses have played a critical role in determining the state and distribution 
of DNP within the polymer matrix. The obtained data show that DNP is in an amorphous form within the 
polymer matrix and that its crystalline form has largely disappeared. These findings confirm that DNP has been 
effectively loaded into the nanoparticles and that no changes have occurred in its chemical structure during the 
formulation process. Furthermore, these results demonstrate that the formulation maintains its physicochemical 
properties and performs effectively as a drug carrier system.

Biological activity studies
In vitro ache and BuChE inhibitor activity assay
Acetylcholinesterase (AChE) inhibitor activity is an important component of this study and has been 
evaluated with the results presented in Table 6. According to the obtained data, the I-DNP coded formulation 
demonstrated 96.88 ± 0.16% inhibition at a concentration of 400 µg mL− 1, indicating strong anti-AChE activity 
compared to DNP. On the other hand, no activity was observed in the Blank formulation (I-Blank), confirming 
that the formulation has no effect on AChE. AChE inhibitor activity is an important potential strategy in the 
pharmacological treatment of AD. The activity of the I-DNP coded formulation provides a valuable example of 
how NP carrier systems can be used in therapeutic applications. These findings represent an important step in 
understanding the biological efficacy of the formulation and evaluating its potential clinical applications.

Another important component of this study is the BuChE inhibitor activity, which is evaluated with the 
results presented in Table  7. According to the obtained data, the I-DNP formulation at a concentration of 
400 µg mL− 1 showed 82.96 ± 0.57% inhibition. This result demonstrates that the formulation exhibits a strong 
anti-BuChE activity compared to DNP. On the other hand, no activity was observed in the blank formulation 
(I-Blank), confirming that the formulation has no effect on BuChE. BuChE inhibitor activity may be a potential 
target in the pharmacological treatment of AD. The activity of the I-DNP formulation provides insight into 
the role of nanoparticle carrier systems in AD treatment. These findings support the biological efficacy of the 
formulation and its potential therapeutic applications.

According to the anti-Alzheimer activity results of this study, the I-DNP formulation has been found to 
exhibit strong anti-AChE and anti-BuChE activities compared to DNP. AChE and BuChE inhibitor activities 
are important as potential strategies in the pharmacological treatment of AD. The strong activities of the I-DNP 
formulation emphasize the potential of NP carrier systems in AD treatment. AChE and BuChE inhibitor 
activities have the potential to protect nerve cell health and alleviate the symptoms of AD90,91. These findings 
represent an important step in understanding the biological efficacy of the I-DNP formulation and its potential 
clinical application.

CAM (chorioallantoic membrane assay) analysis
Angiogenesis was defined by the English surgeon Dr. John Hunter at the end of the 17th century as the “formation 
of new blood vessels from existing ones”92. This process can occur in both physiological and pathological 
contexts in the human body. Physiological angiogenesis is observed in healthy individuals during conditions 
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such as embryogenesis, wound healing, and the female reproductive system, whereas pathological angiogenesis 
is associated with various diseases. Pathological angiogenesis occurs particularly in conditions such as psoriasis, 
atherosclerosis, chronic inflammation, rheumatoid arthritis, inflammatory bowel syndrome, tumor development, 
and metastasis. Additionally, age-related conditions like diabetic retinopathy and macular degeneration can also 
involve angiogenesis in cardiovascular and ocular diseases. It is well known that angiogenesis plays a crucial role 
in the development of these diseases, and research on the molecular mechanisms of this process contributes to 
the development of new therapeutic strategies92–96.

Angiogenesis, or neovascularization, is a complex process that involves the activation, adhesion, migration, 
and proliferation of endothelial cells from existing blood vessels97,98. This process appears differently in both 
neoplastic and non-neoplastic diseases. Neoplastic diseases, particularly tumors, are characterized by significant 
neovascularization. In these diseases, the formation of new blood vessels supports tumor growth and contributes 
to metastasis. On the other hand, in non-neoplastic diseases, angiogenesis processes can occur without new 

Fig. 4.  1H-NMR analysis results. *(A): DNP, (B) PLGA, (C) I-Blank, (D) I-DNP, (E) physical mixture.
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Code

Inhibition (%)

400 µg mL− 1 200 µg mL− 1 100 µg/mL− 1 IC50 (µg mL− 1)

I-DNP 82.96 ± 0.57 76.35 ± 0.7 71.04 ± 0.69 36.75

I-Blank – – – –

DNP 89.50 ± 0.04 78.55 ± 0.08 63.03 ± 0.02 43.07

Table 7.  Butyrylcholinesterase inhibitor activity results.

 

Code

Inhibition (%)

400 µg mL− 1 200 µg mL− 1 100 µg/mL− 1 IC50 (µg mL− 1)

I-DNP 96.88 ± 0.16 94.47 ± 0.68 90.95 ± 1.14 28.80

I-Blank – – – –

DNP 93.67 ± 1.21 89.19 ± 1.51 84.38 ± 0.03 31.06

Table 6.  Acetylcholinesterase inhibitor activity results.

 

Fig. 5.  Anti-angiogenic effect results. *(A) Anti-angiogenic effect of DNP (10 µg pellet− 1) (total capillary 
area = 17.982 ± 2.595), (B) anti-angiogenic effect of I-DNP formulation (10 µg pellet− 1) (total capillary 
area = 14.702 ± 3.395), (C) effect of I-Blank formulation (10 µg pellet− 1) (total capillary area = 20.362 ± 3.353), 
(D) normal embryo development with agarose (%2.5, a/h) (total capillary area = 37.023 ± 1.230).
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blood vessel formation. In these diseases, the reorganization of existing blood vessels and the other effects of 
angiogenesis can influence the course of the disease. For example, non-neoplastic diseases like AD and diabetes 
involve angiogenesis as an important part of the pathophysiological process. Understanding and targeting the 
molecular mechanisms of angiogenesis in the development of these diseases can contribute to the development 
of potential therapeutic strategies99–101.

According to the angiogenic effect results of this study, the effects of the pure DNP, I-DNP, and I-Blank 
formulations on the CAM model are presented in Table  8. The results show that the I-DNP formulation 
significantly inhibited capillary vessel development at a concentration of 10 µg pellet− 1, compared to the control 
(%2.5 agarose) and I-Blank formulations. This finding indicates the anti-angiogenic effect of I-DNP. The ranking 
of activity based on the reduction in capillary area shows that I-DNP is the most effective formulation, while 
DNP is more effective than I-Blank but not as strong as I-DNP. These findings support the potential use of the 
I-DNP NP formulation in anti-angiogenic therapeutic strategies. The anti-angiogenic effect images are shown 
in Fig. 5.

Conclusions
This study successfully developed and characterized donepezil hydrochloride-loaded PLGA-based nanoparticles 
(I-DNP) using the Double Emulsion Solvent Evaporation method. The optimized formulation exhibited a 
monodisperse structure (136.37 nm, PDI: 0.122), a high encapsulation efficiency (69.22 ± 4.84%), and a sustained 
drug release profile governed by Fickian and non-Fickian mechanisms. Stability studies confirmed the need for 
protective strategies in acidic environments, and the addition of trehalose effectively enhanced nanoparticle 
stability. DSC, FT-IR, and ¹H-NMR analyses confirmed the successful encapsulation of donepezil hydrochloride, 
ensuring structural integrity. Biological evaluations demonstrated that I-DNP exhibited strong anti-AChE and 
anti-BuChE activity, confirming its potential in Alzheimer’s disease therapy. Additionally, CAM assays revealed 
anti-angiogenic properties, suggesting a broader therapeutic potential. Future research will focus on long-term 
stability testing, blood-brain barrier (BBB) penetration, the incorporation of alternative carrier systems, and in 
vivo Alzheimer’s models to further validate the formulation’s clinical potential. These investigations are crucial 
for optimizing bioavailability, targeting efficiency, and overall therapeutic effectiveness, paving the way for the 
translation of the I-DNP formulation into clinical applications.

Data availability
All results obtained during this study are included in the article, and a supplementary file containing NMR anal-
yses is provided to the presented version.
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