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ABSTRACT 
Alzheimer’s disease (AD) remains one of the most challenging neurodegenerative disorders, and 
the development of advanced drug delivery systems is critical to improve the therapeutic poten
tial of existing treatments. In this study, uracil functionalized amphiphilic block copolymers were 
designed and synthesized via RAFT polymerization to prepare polymeric micelles as nanocarriers 
for donepezil (DNP) delivery. The successful synthesis of the monomer and copolymer was con
firmed by spectroscopic and chromatographic techniques. The self-assembled micelles exhibited 
uniform nanoscale sizes, spherical morphology, and high thermodynamic stability due to uracil- 
mediated hydrogen bonding within the core. DNP was successfully encapsulated into the micelles, 
and in vitro release studies revealed a sustained and controlled drug release profile. Biological 
evaluations demonstrated that drug-loaded micelles preserved the acetylcholinesterase (AChE) 
inhibitory activity of DNP while reducing the inherent cytotoxicity observed in the free drug and 
empty micelles. These results highlight the potential of uracil-containing polymeric micelles as a 
promising nanocarrier platform for DNP delivery, offering improved stability, favorable release 
behavior, and enhanced biocompatibility, thereby contributing to the development of safer and 
more effective therapeutic strategies for AD.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative 
disorder that affects more than 35 million people world
wide.[1] It is clinically characterized by progressive memory 
loss, apraxia, anomia, confusion, and decline in daily func
tional abilities. Neuropathological hallmarks of AD include 
amyloid-rich senile plaques, neurofibrillary tangles, and 
widespread neuronal degeneration.[2,3] These changes lead to 

executive dysfunction, significant cognitive impairment, and 
behavioral alterations, ultimately reducing patients’ quality 
of life and life expectancy to approximately 7–10 years after 
diagnosis.[4,5] Two main hypotheses have been proposed to 
explain the molecular mechanisms underlying AD: the 
amyloid cascade hypothesis and the cholinergic hypothesis. 
The amyloid cascade hypothesis suggests that abnormal 
processing of amyloid precursor protein (APP) leads to 
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amyloid-b (Ab) production, aggregation, and toxicity in the 
brain.[6] The cholinergic hypothesis emphasizes that the cog
nitive and behavioral impairments in AD result from insuffi
cient stimulation of cholinergic synapses due to reduced 
acetylcholine levels.[6] Indeed, a marked decline in choline 
acetyltransferase activity in cortical regions has been linked 
to cholinergic dysfunction. For this reason, acetylcholinester
ase inhibitors (AChEIs) remain the most widely used thera
peutic agents to alleviate AD symptoms by enhancing 
cholinergic neurotransmission.[7,8] Among them, donepezil 
is a reversible, noncompetitive inhibitor of acetylcholinester
ase that provides long-lasting central cholinesterase inhib
ition with limited peripheral effects.[9] In addition to 
improving cholinergic transmission, donepezil (DNP) has 
been reported to exhibit neuroprotective effects by reducing 
neuroinflammation.[10] However, its therapeutic efficacy is 
limited by drawbacks such as gastrointestinal side effects, 
rapid metabolism, broad tissue distribution, and the need 
for daily dosing, which decreases patient compliance.[11] 

Therefore, developing advanced drug delivery systems to 
improve the bioavailability, stability, and targeted delivery of 
DNP is of considerable importance.[12–20]

Nanotechnology-based systems, particularly polymeric 
nanocarriers, have emerged as promising strategies to over
come the limitations of conventional drug formulations. 
Their small size, tunable surface properties, and high surface 
area-to-volume ratio allow improved solubility, extended 
systemic circulation, and controlled release of drugs.[21–23] 

Polymeric micelles, self-assembled from amphiphilic block 
copolymers, are especially attractive due to their core–shell 
architecture, biocompatibility, and ability to protect hydro
phobic drugs while prolonging circulation time under 
physiological conditions.[24–26] These features make them 
suitable for central nervous system drug delivery. In this 
context, our research group has previously investigated poly
meric micelles as nanocarriers for DNP. In our earlier work, 
we demonstrated the feasibility of PEG-based micelles for 
drug encapsulation and delivery.[27] In a subsequent study, 
we showed that folic acid functionalization further improved 
cellular uptake and permeability across the blood–brain 
barrier.[28]

Building on these findings, the present study explores the 
incorporation of uracil-derived functionalities to enhance 
micellar stability and therapeutic performance. For this pur
pose, a methacrylate monomer derived from 6-methyluracil, 
a close analogue of uracil and 5-methyluracil, was synthe
sized. Beyond its structural suitability, 6-methyluracil has 
been widely used in pharmaceutical formulations for its bio
logical activities, including regulation of lipid peroxidation, 
promotion of wound healing, and as a component of thera
peutic complexes investigated for conditions such as ische
mia, type I diabetes, stroke, and neurodegenerative diseases 
including AD and Parkinson’s disease.[29] The synthesized 
monomer was polymerized via RAFT polymerization to 
obtain the amphiphilic block copolymer PEG-b-P(MMA-r- 
UMA). Polymeric micelles were subsequently prepared, and 
DNP was successfully encapsulated. The micelles were char
acterized in terms of size and stability, and their in vitro 

drug release, cytotoxicity, and anticholinesterase activity 
were systematically evaluated using the human neuroblast
oma SH-SY5Y (CRL-2266) cell line. This study aims to com
bine the therapeutic potential of DNP with the stabilizing 
and bioactive properties of uracil derivatives to develop an 
improved nanocarrier system for Alzheimer’s therapy.

2. Materials and methods

2.1. Materials

Bromoacethyl bromide (Sigma-Aldrich), 6-methyluracil 
(Aldrich), poly(etyhlene glycol) methyl ether (mPEG, Mn¼

5000, Aldrich), donepezil hydrochloride (Thermo Scientific), 
triethylamin (TEA, Sigma-Aldrich), tetrabutylammonium 
iodide (TBAI, Sigma-Aldrich), sodium bicarbonate (NaHCO3, 
Merck) potassium carbonate (K2CO3, Merck), sodium sulfate 
anhydrous (Na2SO4, Merck), magnesium sulfate anhydrous 
(MgSO4, VWR), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sul
fanyl]pentanoic acid (CDTP, 97%, Strem Chemicals), 4- 
(dimethylamino) pyridine (DMAP, Merck), N,N’-dicyclohexyl 
carbodiimide (DCC, Alfa Aesar), 5,50-dithiobis(2-nitrobenzoic 
acid) (DTNB, �98%, Sigma-Aldrich), ethyl acetate (Merck), 
n-hexane (Emplura), methanol (CH3OH, Merck), diethyl 
ether (Chem-Lab), toluene (Merck) and tetrahydrofuran 
(THF, Merck) were used as received. Dichloromethane 
(DCM, Merck) and N,N-dimethylformamide (DMF,þ99.8%, 
Alpha Aesar) were used after dried with 4 Å sized molecular 
sieve. 2,20-Azobis(2-methylpropionitrile) (AIBN, Aldrich) was 
used after crystallization from methanol. Methyl methacrylate 
(MMA, Aldrich) and 2-hydroxyethyl methacrylate (HEMA, 
Aldrich) were used by passing through a basic alumina col
umn. The electric eel acetylcholinesterase (AChE, Type-VI-S, 
EC 3.1.1.7, 425.84 U/mg, Sigma) were purchased from Sigma. 
The macro-RAFT agent was synthesized using a procedure 
described in our previous study.[27]

2.2. Instrumentation

Fourier transform infrared (FTIR) spectra were recorded in 
ALPHA Bruker spectrometer with platinum-ATR accessory 
(ZnSe crystal).1H NMR and 13C NMR measurements were 
taken at 500 MHz Bruker NMR device by using CDCl3 solv
ent. Gel permeability chromatography (GPC) measurements 
were taken by using Viscotek GPCmax and 2001 
Autosampler system consisting of a pump and Viscotek and 
3580 refractive index (RI) detector. Three Viscotek GPC col
umns (T3000, LT4000L and LT5000L) connected in series 
(inner diameter 7.8 mm, length 300 mm) and one Viscotek 
guard column (CLM3008, inner diameter 4.6 mm, length 
10 mm) were used. The measurements were taken at a flow 
rate of 1.0 mL/min at 35 �C and THF was used as the solv
ent. The detector was calibrated with PS standards with nar
row molecular weight distribution and the data were 
analyzed using Viscotek OmniSEC 4.7.0 software. During 
micelle formation, injections were performed using syringes 
with an inner diameter of 19.23 mm on a Sujipuli 
Technology NE-1600 six-channel programmable syringe 
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pump at a flow rate of 0.5 mL/min. The average particle size 
and particle size distributions of the micelles were deter
mined with a measurement angle of 173� in distilled water 
(H2O) using a Malvern NanoZSP dynamic light scattering 
(DLS) spectrometer device at a wavelength of 633 nm and 
25 �C. The transmission electron microscopy (TEM) micro
graphs were obtained using a JEOL JEM-2100PLUS trans
mission electron microscope. The samples were prepared by 
casting the micellar solution onto a copper grid. The grids 
were dried by air and then negatively stained with uranyl 
acetate. Polymer micelles were lyophilized using a CHRIST 
Alpha 3–4 LSCbasic freze-dry system. BioTek microplate 
reader (SynergyTM H1) was used for determination of drug 
encapsulation efficiency, drug release studies and also activ
ity assay.

2.3. Synthesis of 2-(2-bromoacetoxy)ethyl methacrylate

Bromoacetyl bromide (2.686 mL, 0.03074 mol) was added 
dropwise in an ice bath to a solution of HEMA (4.0 g, 
0.03074 mol) and TEA (4.712 mL, 0.03381 mol) in dry DCM 
(92 mL) under a nitrogen atmosphere. The reaction mixture 
was stirred at room temperature for 48 h. Unreacted bro
moacetyl bromide was then quenched with methanol (2 mL), 
and stirring was continued for an additional 30 min. The 
solution was transferred into saturated aqueous NaHCO3 
(50 mL) and extracted once, followed by five extractions 
with distilled water (5� 55 mL). The combined organic layer 
was dried over anhydrous MgSO4, filtered, concentrated 
using a rotary evaporator, and further dried in a fume hood 
to yield a brown oil. Purification by column chromatog
raphy (20% ethyl acetate in hexane) afforded a colorless oil 
(3.43 g, 44.5%).

2.4. Synthesis of 2-(2-(6-methyluracil-1-yl)acetoxy)ethyl 
methacrylate (UMA)

Anhydrous K2CO3 (1.96 g, 0.0142 mol) was added to a solu
tion of 6-methyluracil (1.788 g, 0.0142 mol) in dry DMF 
(90 mL) and stirred for 30 min. TBAI (0.3324 g, 
0.8762 mmol) was then added, and the mixture was cooled 
in an ice bath. 2-(2-Bromoacetoxy)ethyl methacrylate (2.0 g, 
7.966 mmol) was added dropwise, and the reaction was car
ried out under a nitrogen atmosphere at room temperature 
for 48 h. The mixture was filtered, and the filtrate was con
centrated using a rotary evaporator. The resulting solid was 
dissolved in DCM (65 mL) to remove excess 6-methyluracil 
and filtered. The DCM solution was then extracted with dis
tilled water four times (4� 55 mL). The organic layer was 
collected, dried over anhydrous Na2SO4, filtered, concen
trated by rotary evaporation, and further dried in a fume 
hood. The obtained solid was washed with hexane to 
remove residual DMF and dried in the fume hood. Finally, 
the solid was dissolved in DCM (2 mL) and further purified 
by column chromatography (2% MeOH in DCM). The puri
fied product was concentrated by rotary evaporation and 
dried in a fume hood (1.156 g, 42.6%).

2.5. Synthesis of poly(ethylene glycol) methyl ether-b- 
poly[methyl methacrylate-r-(2-(2-(6-methyluracil-1- 
yl)acetoxy)ethyl methacrylate)] (PEG-b-P(MMA-r- 
UMA)) by RAFT polymerization

UMA (0.19 g, 0.00065 mol), MMA (1.3 mL, 0.012271 mol), 
macro-RAFT agent (0.347 g, 0.064588 mmol) and AIBN 
(0.0035 g, 0.021314 mmol) were dissolved in 6 mL dry tolu
ene in a Schlenk tube. After degassing the solution by three 
freeze–pump–thaw cycles, it was brought to room tempera
ture and then stirred at 70 �C for 18 h. At the end of this 
period the reaction was stopped by immediate cooling of the 
flask. The polymer was precipitated in cold methanol, fil
tered and dried under vacuum at room temperature.

2.6. Preparation of polymeric micelles

Polymeric micelles were prepared using the dialysis mem
brane method. PEG-b-P(MMA-r-UMA) copolymer (0.01 g) 
was dissolved in DMF (2 mL) and stirred at room tempera
ture for 1 h. Distilled water (8 mL) was then added dropwise 
using an injection pump at a rate of 0.5 mL/min. The result
ing solution was stirred overnight at room temperature and 
subsequently transferred into a dialysis membrane 
(MWCO¼ 6–8 kDa) for dialysis against distilled water 
for 24 h.

2.7. Preparation of donepezil (DNP) loaded polymeric 
micelles

Donepezil�HCl was stirred with TEA (2 molar equivalents) 
in DMF (2 mL) overnight to remove HCl and obtain free 
donepezil. Polymeric micelles were then prepared using the 
dialysis method. PEG-b-P(MMA-r-UMA) copolymer (0.01 g) 
was dissolved in DMF (2 mL) and stirred at room tempera
ture for 1 h. Distilled water (8 mL) was subsequently added 
dropwise using an injection pump at a rate of 0.5 mL/min. 
The resulting solution was stirred overnight at room tem
perature and transferred into a dialysis membrane (MWCO 
¼ 6–8 kDa) for dialysis against distilled water for 24 h.

2.8. Determination of critical micelle 
concentration (CMC)

The critical micelle concentration (CMC) of the polymeric 
micelles was determined using the fluorescent dye solubiliza
tion method with pyrene as a probe. Pyrene (5 mg) was dis
solved in acetone (5 mL), and 10 mL of this solution was 
transferred into Eppendorf tubes. Acetone was evaporated 
under vacuum at room temperature overnight. Polymer 
micelle solutions (1 mL) with concentrations ranging from 
1� 10−4 to 1 mg/mL were added to the pyrene-containing 
tubes and sonicated for 2 min. The samples were kept in the 
dark overnight and then transferred into a 96-well plate for 
fluorescence measurements. Excitation was performed at 
334 nm, and the emission intensities at 371 nm (I1) and 
391 nm (I3) were recorded. The CMC of the micelles was 
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estimated from the plot of the I3/I1 ratio versus the loga
rithm of polymer concentration.

2.9. Drug loading content (DLC) and drug loading 
efficiency (DLE) assay

DNP loaded polymer micelles were dissolved in DMSO 
(1 mL) and kept in dark at room temperature overnight. 
The absorbance value at the 312 nm was measured using 
UV/Vis microplate reader. DLC and DLE were calculated 
according to the following equations:

Drug loading content ð%Þ ¼
Weight of loaded drug

Weight of micelle
x 100 

Drug loading efficiency ð%Þ ¼
Weight of loaded drug
Weight of feeded drug

x 100 

2.10. In vitro drug release assay

The release of DNP was evaluated using the dialysis method. 
DNP-loaded micelles (1 mg/mL) were placed in a dialysis 
bag and incubated in PBS (20 mL, pH 7.4) containing 
TweenVR 80 (2% v/v) at 37 �C with stirring at 100 rpm. At 
predetermined time intervals (0, 1, 2, 4, 6, and 8 h), 2 mL of 
the release medium was withdrawn and replaced with an 
equal volume of fresh medium. The concentration of DNP 
in the collected samples (each in triplicate) was determined 
from a calibration curve using UV absorbance at 312 nm. 
The calibration curve was constructed by measuring the 
absorbance of standard DNP solutions prepared in PBS (2% 
TweenVR 80 v/v) using a UV–Vis microplate reader.

2.11. Anticholinesterase activity assay

The acetylcholinesterase (AChE) inhibitory activities of the 
polmeric micelles were determined according to a literature 
method. The anticholinesterase activity of the polymeric 
micelles was assessed in vitro using the Ellman method.[30] 

Acetylthiocholine iodide was used as the substrate, and IC50 
values were determined by constructing absorbance and/or 
inhibition (%) curves at different concentrations. For each 
inhibitor, the IC50 value was defined as the concentration 
required to inhibit 50% of the substrate’s maximum bio
logical response.

To measure anticholinesterase activity, 5,50-dithiobis (2- 
nitrobenzoic acid) (DTNB) was employed. Sample and DNP 
solutions were prepared in n-propanol at a concentration of 
100 lg/mL. Aliquots containing 150 lL of 100 mM phos
phate buffer (pH 8.0), 10 lL of sample solution, and 20 lL 
of AChE solution (2.548� 10−4 U/lL) were mixed and incu
bated at 25 �C for 15 min. The DTNB solution (10 lL) was 
prepared by mixing 1.0 mL of a solution containing 16 mg/ 
mL DTNB and 7.5 mg/mL NaHCO3 in phosphate buffer 
(pH 7.0) with 2.0 mL of pH 7.0 buffer and 4.0 mL of pH 8.0 
buffer. The reaction was initiated by adding 10 lL of ace
tylthiocholine iodide (7.1 mM). Enzymatic activity was 

monitored by the formation of a yellow color, resulting 
from the reaction of DTNB with the thiolate anion released 
during hydrolysis of the substrate. Distilled water was used 
as the solvent control. Absorbance was measured at 412 nm 
using a UV–Vis microplate reader, and IC50 values were 
calculated accordingly.

2.12. Cell viability assay

Cell viability was assessed using a human neuroblastoma cell 
line (SH-SY5Y, CRL-2266). Cells were treated with the test 
compounds for 24 h, and viability was measured using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. MTT was prepared at 5 mg/mL in phosphate- 
buffered saline (PBS) and added directly to the culture. 
After a 3 h incubation, metabolically active cells reduced 
tetrazolium to purple formazan crystals, which accumulated 
intracellularly and in the medium. The crystals were dis
solved in the appropriate solvent, and absorbance was meas
ured at 570 nm. The absorbance values were proportional to 
the number of viable cells.

Cells were cultured in DMEM-F12 (Gibco, Thermo 
Fisher Scientific, NY, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco) and 1% penicillin–streptomycin. 
Cultures were maintained at 37 �C in a humidified atmos
phere of 5% CO2 and 95% relative humidity. For cytotox
icity experiments, 5� 103 cells were seeded into 96-well 
plates and allowed to attach for 24 h. The cells were then 
washed with PBS and treated with 100 lL of medium con
taining one of six different concentrations of the test com
pounds for 24 h. Experiments were performed in duplicate 
(n¼ 2) for each condition, with two independent biological 
replicates conducted on separate days. Data are presented as 
mean ± standard deviation. Cell passages 10 and 11 were 
used in all experiments to ensure consistency and minimize 
variability.

3. Results and discussion

3.1. Synthesis and characterization of 2-(2-(6- 
methyluracil-1-yl)acetoxy)ethyl methacrylate (UMA)

In order to introduce uracil functionality into the polymer 
backbone and enhance the stability of polymeric micelles 
through hydrogen bonding, the synthesis of 2-(2-(6-methyl
uracil-1-yl)acetoxy)ethyl methacrylate (UMA) was success
fully carried out in two steps, as illustrated in Scheme 1. In 
the first step, HEMA was reacted with bromoacetyl bromide 
to yield 2-(2-bromoacetoxy)ethyl methacrylate. In the second 
step, the obtained intermediate was functionalized with 
6-methyluracil, resulting in the target UMA monomer.[31]

The FTIR spectra of HEMA, 2-(2-bromoacetoxy)ethyl 
methacrylate, and UMA are presented in Figure 1. The spec
trum of HEMA (a) shows the broad absorption band around 
3400 cm−1, corresponding to the hydroxyl stretching 
vibration. In the spectrum of 2-(2-bromoacetoxy)ethyl meth
acrylate (b), this hydroxyl band disappears, confirming the 
successful esterification of HEMA with bromoacetyl bromide. 
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In addition, the characteristic carbonyl stretching band is 
observed at �1730 cm−1, consistent with the presence of the 
ester group. In the spectrum of UMA (c), new absorption 
peaks associated with the uracil moiety are observed in the 
regions of 1680–1650 cm−1 (C¼O stretching of uracil) and 
1500–1450 cm−1 (C¼C and C–N stretching), confirming the 
incorporation of 6-methyluracil into the structure.

The chemical structures of the intermediates and final 
product were further confirmed by 1H NMR spectroscopy 
(Figure 2). The 1H NMR spectrum of 2-(2-bromoacetoxy) 
ethyl methacrylate (A) shows the characteristic vinyl proton 
signals at d 6.15 and 5.63 ppm (a and b), the methylene pro
tons adjacent to the ester groups at d 4.45 and 4.39 ppm 
(d and e), the methylene protons next to bromide at 
d 3.87 ppm (f), and the methyl group of the methacrylate 
backbone at d 1.95 ppm (c). These results are consistent 
with the expected structure of the intermediate. In the spec
trum of UMA (B), additional peaks corresponding to the 
uracil unit appear. The aromatic proton of the uracil ring is 
observed at d 8.75 ppm (m), while signals at d 6.13 ppm (g), 
d 5.62–5.60 ppm (a and b), and d 4.61–4.39 ppm (f, d, e) 
confirm the retention of the methacrylate and linker moi
eties. The characteristic methyl group of 6-methyluracil is 
detected at d 2.20 ppm (h) together with the methacrylate 
methyl resonance at d 2.05 ppm (c). These data provide clear 

evidence for the successful attachment of 6-methyluracil to 
the methacrylate monomer.

In addition, the 13C NMR spectra of both 2-(2-bromoace
toxy)ethyl methacrylate and UMA further confirmed their 
successful synthesis. The observed carbon resonances were 
in full agreement with the expected chemical structures, 
thereby providing complementary evidence to the 1H NMR 
and FTIR analyses (Figures S1 and S2).

3.2. Synthesis and characterization of PEG-b-P(MMA- 
r-UMA)

PEG-b-P(MMA-r-UMA) amphiphilic copolymer was success
fully synthesized by RAFT polymerization using the mPEG- 
based macro-RAFT agent, as previously reported in our 
earlier work.[27] The synthetic route is presented in Scheme 2. 
The copolymer design incorporated hydrophilic PEG blocks 
and a hydrophobic methacrylate block partially functionalized 
with UMA units, enabling the formation of micelles with 
uracil-mediated hydrogen bonding interactions.

The polymerization conditions and characterization results 
are summarized in Table 1. The copolymerization was con
ducted in toluene at 70 �C with a feed ratio of [UMA]/ 
[MMA]¼ 5/95, using [M]:[RAFT]:[AIBN]¼ 200:1:0.33. After 
18 h, a high monomer conversion of 82% was achieved, indi
cating the efficiency of the RAFT process. The theoretical 
number-average molecular weight (Mn,th) was calculated as 
23750 g/mol, whereas the molecular weight determined by 
GPC (Mn,GPC) was 14940 g/mol with a narrow dispersity (Mw/ 
Mn¼ 1.3) (Figure S3). The difference between the theoretical 
and GPC determined molecular weights can be attributed to the 
use of polystyrene standards in GPC calibration, which often 
underestimates the molecular weight of PEG-based block copoly
mers. The Mn,NMR value determined by 1H NMR (16590 g/mol) 
was in good agreement with the GPC results, further confirming 
successful polymerization under controlled conditions.

The successful synthesis of PEG-b-P(MMA-r-UMA) 
was confirmed by 1H NMR spectroscopy. The spectrum 
(Figure 3) displayed characteristic peaks corresponding to 
each segment of the block copolymer. The methylene pro
tons of the PEG repeating units (–O–CH2–CH2–O–) 
appeared as a strong, broad signal at d 3.55–3.70 ppm (b), 
confirming the presence of the hydrophilic PEG block. The 
uracil unit was clearly identified by the downfield aromatic 
proton resonance at d �8.7 ppm (9), as well as the methyl 
substituent of 6-methyluracil at d �2.0 ppm (11). Signals 
corresponding to the methylene groups adjacent to oxygen 
and carbonyl groups in the UMA were observed at d 4.8– 
4.0 ppm (6 and 7), further verifying successful incorporation 
of UMA moieties. The characteristic backbone signals of the 
methacrylate units were detected between d 2.1–1.5 ppm (1, 
4, 2 and 5), consistent with the aliphatic methylene and 
methyl groups of MMA units. In addition, the RAFT end- 
group alkyl chain was evidenced at d �2.0 ppm (i), confirm
ing the retention of the RAFT agent during polymerization. 
Importantly, the absence of vinyl resonances (d �6.1 and 
5.6 ppm) indicated complete conversion of the methacrylate 
double bonds, verifying successful polymerization.

Scheme 1. Synthesis of (i) 2-(2-bromoacetoxy)ethyl methacrylate and (ii) 2-(2- 
(6-methyluracil-1-yl)acetoxy)ethyl methacrylate (UMA).

Figure 1. FTIR spectra of (a) 2-hydroxyethyl methacrylate (HEMA), (b) 2-(2-bro
moacetoxy) ethyl methacrylate and (c) 2-(2-(6-methyluracil-1-yl) acetoxy) ethyl 
methacrylate (UMA).
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The number of UMA units in the polymer was deter
mined by comparing the relative integrals of the UMA sig
nals with those of the RAFT agent. In a similar way, the 
total number of MMA units was calculated by evaluating 

the ratio of the MMA and RAFT agent signals. Based on 
these calculations, the polymer composition was estimated 
to contain approximately 4 UMA units and 83 MMA 
units.

Figure 2. 1H NMR spectra of the (a) 2-(2-bromoacetoxy)ethyl methacrylate and (b) 2-(2-(6-methyluracil-1-yl)acetoxy)ethyl methacrylate (UMA) in CDCl3.

Scheme 2. Synthesis of PEG-b-P(MMA-r-UMA) by RAFT polymerization.

Table 1. Synthesis conditions and results of PEG-b-P(MMA-r-UMA).a

Polymer
Time 

(hour)
Conversionb

(%)
Mn,th

b

(g/mol)
Mn,GPC

c

(g/mol) Mw/Mn
c

Mn,NMR
d

(g/mol)

PEG-b-P(MMA-r-UMA) 18 82 23750 14940 1.3 16590
a[M]:[RAFT]:[AIBN]¼ 200:1:0.33. Toluen was used as solvent. Feed ratio [UMA]/[MMA]¼ 5/95.
bCalculated gravimetrically.
cMeasured in THF by GPC.
dDetermined by 1H NMR.
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3.3. Characterization of empty and drug loaded 
polymeric micelles

Dynamic light scattering (DLS) analysis was performed to 
evaluate the hydrodynamic diameters of the polymeric 
micelles prepared from PEG-b-P(MMA-r-UMA) and the 
corresponding drug loaded micelles (DPM). As shown in 
Table 2, the average particle size of the empty micelles (PM) 
was 67.1 ± 1.61 nm with a low polydispersity index (PDI ¼
0.168), indicating the formation of uniform and stable nano
structures. Upon loading with DNP, the particle size 
increased to 123.3 ± 0.92 nm while maintaining a narrow dis
tribution (PDI ¼ 0.153). The increase in size after drug 
loading can be attributed to the successful encapsulation of 
DNP molecules in the micellar core, which expands the 
hydrophobic domain. The low PDI values (<0.2) for both 
PM and DPM confirm the monodisperse nature of the 
micellar systems, a desirable feature for drug delivery 
applications.

The size distribution curve of DNP loaded micelles 
(Figure 4a) further supports these findings. The micelles 
exhibited a sharp unimodal distribution centered around 
�120 nm, consistent with the average size obtained from 
DLS measurements. The absence of secondary peaks 

suggests that no aggregation or significant polydispersity 
occurred during micelle formation or drug encapsulation. 
The morphology of the DNP loaded micelles was investi
gated using transmission electron microscopy (TEM). As 
shown in Figure 4b, spherical micelles with well-defined 
structures were observed. The particle size observed by TEM 
was in good agreement with the DLS results, further validat
ing the formation of nanoscale micellar assemblies. The 
spherical morphology and narrow size distribution demon
strate the capability of PEG-b-P(MMA-r-UMA) copolymers 
to self-assemble into stable nanostructures suitable for bio
medical applications.

The CMC value of PEG-b-P(MMA-r-UMA) was calculated 
from the intersection point of the two fitted curves in the pyr
ene fluorescence plot (Figure S4). The CMC was determined 
to be 6� 10−7 M, which is consistent with reported values for 
polymeric micelles (10−6–10−7 M) and much lower than those 
of conventional small-molecule surfactant micelles (10-3–10−4 

M).[32] This low CMC indicates high thermodynamic stability 
of the micelles, suggesting that they remain intact even upon 
dilution under physiological conditions. The incorporation of 
6-methyluracil units into the hydrophobic core is expected to 
further enhance micelle stability through additional hydrogen 
bonding interactions, thereby improving their potential as 
robust drug delivery carriers.

3.4. In vitro drug release profile

DPM was successfully prepared by the dialysis method, 
yielding a drug loading content (DLC) of 1 wt% and a drug 
loading efficiency (DLE) of 9%, as determined by UV–Vis 
absorbance at 312 nm. The in vitro release profile of DNP 
from DPM micelles in PBS (pH 7.4, 2% TweenVR 80) at 
37 �C is shown in Figure 5. DNP was released in a sustained 
manner over 8 h, reaching nearly 100% cumulative release. 
Approximately 17% of the encapsulated drug was released 
within the first hour, followed by �35% at 2 h and �55% at 
4 h. Thereafter, the release continued at a nearly constant 
rate, with �78% released at 6 h and almost complete release 
by 8 h. The linear release profile suggests diffusion- 
controlled release of DNP from the micellar core.

This sustained yet relatively fast release behavior may be 
attributed to the moderate hydrophobic–hydrophilic balance 
of the PEG-b-P(MMA-r-UMA) copolymer, which facilitates 
drug solubilization while allowing efficient diffusion through 
the micellar shell. Such a release profile is advantageous for 
ensuring a rapid onset of therapeutic action while maintain
ing continuous drug availability over several hours.

Figure 3. 1H NMR spectrum of PEG-b-P(MMA-r-UMA) in CDCl3.

Table 2. Dynamic light scattering (DLS) results of empty and drug loaded 
polymeric micelles.

Micelle Polymer
Particle size 

(nm) PDI

PM PEG-b-P(MMA-r-UMA) 67.1 ± 1.61 0.168
DPM DNP loaded PEG-b-P(MMA-r-UMA) 123.3 ± 0.92 0.153

Figure 4. (a) Particle size distribution graphic and (b) transmission electron microscopy (TEM) image of DPM.
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3.5. In vitro acetylcholinesterase enzyme inhibition

Since DNP is a clinically approved acetylcholinesterase 
(AChE) inhibitor used for the symptomatic treatment of 
AD, it was important to investigate whether drug loaded 
polymeric micelles retained the inhibitory activity of the free 
drug. Therefore, the AChE inhibitory potential of the pre
pared formulations was evaluated using Ellman’s method, 
with DNP serving as the reference standard.

As shown in Figure 6, PM exhibited negligible inhibitory 
activity, with inhibition values remaining below 30% even at 
the highest tested concentration (100 mg/mL). In contrast, 
DPM demonstrated significant inhibition, which increased 
in a concentration-dependent manner. At low concentra
tions (10 mg/mL), DPM exhibited �45% inhibition, which 
increased to �85% at 60–100 mg/mL. Although the activity 
of DPM was slightly lower than that of free DNP, the inhib
ition profiles were nearly parallel, indicating that encapsu
lated drug largely retained its biological activity. The IC50 
value of DPM was calculated as �40 mg/mL, which is higher 
than that of free drug, likely due to the relatively low drug 

loading capacity and encapsulation efficiency (DLC ¼
1 wt%, DLE ¼ 9%). These parameters, together with the 
IC50, could be further optimized by improving drug loading 
strategies.

Overall, the results confirm that DNP retains its AChE 
inhibitory activity after encapsulation into PEG-b-P(MMA- 
r-UMA) micelles, while empty micelles do not contribute to 
enzyme inhibition. This demonstrates that the observed bio
logical effect originates from the encapsulated DNP, sup
porting the potential of these polymeric micelles as effective 
nanocarriers for Alzheimer’s therapy.

3.6. Cell viability

After 24 h incubation, the IC50 values of PM, DPM, and 
DNP were determined as 17.6 mg/mL, 8 mg/mL, and 4.2 mg/ 
mL, respectively. These results indicate that free donepezil 
(DNP) exhibited the highest cytotoxicity, while PM showed 
the lowest cytotoxicity. Interestingly, the DPN loaded DPM 
demonstrated an intermediate IC50 value, suggesting partial 
masking of drug toxicity by the micelle structure.

When cell viability percentages were examined, a different 
trend was observed (Figure S5). While PM treatment reduced 
cell viability to �30%, free donepezil maintained cell viability 
at �56%. Remarkably, DPM treatment resulted in viability 
values exceeding 110%, suggesting a possible proliferative or 
protective effect associated with the micellar formulation. 
Statistical analysis (p< 0.0001) confirmed significant differen
ces between all groups. The enhanced viability of DPM com
pared to both PM and DNP supports the hypothesis that the 
micelle structure may mitigate the cytotoxic effects of both the 
carrier and the drug. Similar findings have been reported for 
mPEG-PLA micelles, where drug loaded micelles demon
strated improved therapeutic activity and reduced systemic 
toxicity compared to empty micelles.[33]

A closer analysis of concentration-dependent effects fur
ther supports these observations. PM exposure (15–500 mg/ 
mL) caused a pronounced, dose-dependent decline in viabil
ity, with survival already reduced to 60–70% at the lowest 
concentration tested (15 mg/mL). In contrast, DNP (0.5– 
17.2 mg/mL) maintained relatively high viability (�90%) at 
the lowest dose, but cell survival steadily declined as concen
tration increased, highlighting a clear toxicity threshold near 
its effective therapeutic range. DPM (0.26–8.5 mg/mL) 
showed concentration-dependent effects as well, with higher 
doses (8.5 mg/mL) leading to reduced viability, while lower 
concentrations not only preserved but in some cases 
enhanced viability above control levels. Statistical analysis 
confirmed significant differences among concentrations for 
each group (p< 0.0001) (Figure 7).

Overall, these results demonstrate that PM is intrinsically 
cytotoxic at relatively low concentrations, while encapsula
tion of DNP into micelles (DPM) both preserves drug activ
ity and reduces toxicity of the carrier. The protective effect 
of micelle encapsulation may represent an advantage for 
therapeutic applications, offering a balance between efficacy 
and safety.

Figure 5. In vitro DNP release profile of DPM micelles incubated in PBS at pH 
7.4 at 37oC.

Figure 6. Acetylcholinesterase (AChE) inhibition activity of PM, DPM and DNP.
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4. Conclusions

In this study, uracil-functionalized amphiphilic block copoly
mer was synthesized via RAFT polymerization and successfully 
self-assembled into nanoscale micelles for the delivery of DNP 
a clinically approved acetylcholinesterase inhibitor for the 
treatment of AD. The design strategy relied on the incorpor
ation of 6-methyluracil moieties into the copolymer backbone, 
providing additional stabilization of the micellar core through 
hydrogen bonding interactions. Structural characterization by 
FTIR, 1H and 13C NMR confirmed the successful synthesis of 
both the monomer and the copolymer, while DLS and TEM 
analyses revealed uniform micelle sizes, narrow dispersity, and 
spherical morphology. The low critical micelle concentration 
observed further highlighted the excellent thermodynamic sta
bility of the micelles under physiological conditions.

DNP was successfully encapsulated into the polymeric 
micelles using a dialysis method, and the system demon
strated a sustained and nearly linear release profile, ensuring 
continuous drug availability over several hours. The drug- 
loaded micelles preserved the acetylcholinesterase inhibitory 
activity of free DNP, while the blank micelles showed negli
gible inhibition, confirming that the biological activity origi
nated from the encapsulated drug. Importantly, cytotoxicity 
assays in SH-SY5Y cells showed that encapsulation reduced 
the intrinsic toxicity of both free DNP and the carrier poly
mer, while significantly improving cell viability. This mask
ing effect of the micelle structure is consistent with previous 
studies on polymeric nanocarriers, where drug encapsulation 
was shown to enhance therapeutic efficacy and biocompati
bility simultaneously. The results demonstrate that uracil- 
containing polymeric micelles represent a robust and 
versatile nanocarrier system for central nervous system drug 
delivery. Their high stability, favorable release kinetics, 
retention of pharmacological activity, and improved safety 
profile make them a promising platform for DNP delivery.
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