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Abstract: Neurodegenerative disorders cause most physical and mental disabilities, and therefore
require effective treatment. The blood–brain barrier (BBB) prevents drug molecules from crossing
from the blood to the brain, making brain drug delivery difficult. Implantable devices could provide
sustained and regulated medication to solve this problem. Two electrolytes (0.3 M oxalic acid and
0.3 M sulphuric acid) were used to anodise Al2O3 nanoporous membranes, followed by a third
anodisation in concentrated H2SO4 to separate the through-hole membranes from the aluminium
substrate. FTIR, AFM, and SEM/EDX were used to characterise the membranes’ structure and
morphology. The effects of the anodisation time and electrolyte type on the AAO layer pore density,
diameter, interpore distance, and thickness were examined. As a model drug for neurodegenerative
disorders, donepezil hydrochloride (DHC) was loaded onto thin alumina nanoporous membranes.
The DHC release profiles were characterised at two concentrations using a UV–Vis spectrophotometer.
Oxalic acid membranes demonstrated an average pore diameter of 39.6–32.5 nm, which was two
times larger than sulphuric acid membranes (22.6–19.7 nm). After increasing the anodisation time
from 3 to 5 h, all of the membranes showed a reduction in pore diameter that was stable regardless of
the electrolyte type or period. Drug release from oxalic acid-fabricated membranes was controlled
and sustained for over 2 weeks. Thus, nanoporous membranes as implantable drug delivery systems
could improve neurodegenerative disease treatment.

Keywords: neurodegenerative disorders; implantable nanoporous membranes; AAO; SEM; AFM;
kinetic studies

1. Introduction

Neurons are essential for proper brain function because they play a critical role in
communication. The loss of their structure and/or function causes neurodegeneration,
which is considered the main reason for the pathogenesis of several brain diseases [1].
Damage to synapses, problems with neural networks, and the build-up of proteins with
changed chemical properties are all signs of neurodegeneration (ND) [2–5]. About 15%
of the world’s population suffers from neurological disorders, which are considered the
primary cause of physical and mental disability [6]. The most prevalent NDs are spinal
muscular atrophy, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis,
motor neuron disease, and spinocerebellar ataxia [7–10].

In Alzheimer’s disease (AD), harmful protein clusters like β-amyloid proteins in the form
of plaques and hyperphosphorylated tau proteins in the form of tangles are present [11]. Some
examples of cholinesterase inhibitors (AChEIs) are galantamine, donepezil, and rivastigmine.
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They stop acetylcholine (ACh) from breaking down, which makes cholinergic neurotrans-
mission better. ACh is considered a crucial neurotransmitter, as it interacts with memory
and learning receptors in the nervous system. Currently, we can use all widely prescribed
AChEIs to treat mild-to-moderate stages of AD, but only donepezil can treat all stages (mild,
moderate, and severe). Additionally, donepezil has fewer interactions with other medications,
has a longer half-life, is easier to tolerate because it targets central AChEIs more specifically,
and food does not seem to change the medication’s pharmacokinetics [12].

The blood–brain barrier (BBB) is known to be a diffusion barrier that inhibits the blood-
circulating substances from reaching the brain, thus maintaining homeostasis and allowing
normal brain functioning [13]. The drawbacks of existing therapeutics and the BBB’s
limitations have led to a great need for novel therapeutic strategies for ND treatments [14].
Nanotechnology is a branch of science that creates materials for targeted drug delivery
to the central nervous system (CNS) [15,16]. This technology utilises nanoscale materials,
with sizes ranging from 1 to 1000 nm, which have the ability to interact with biological
systems at the molecular level [17]. Researchers have fabricated nanoparticles from a
variety of compounds, such as inorganic minerals and synthetic and natural polymers.
One of the most significant templates for the creation of nanostructures are nanoporous
membranes, which can also act as carriers for nanoparticles. Drug delivery by nanocarriers
to the brain has proven to be quite effective [18], and ordered porous surfaces can serve as
reservoirs for drugs by using different techniques to fill in the pores. Nanocarriers have
many great qualities, making them an interesting way to treat NDs. These include being
able to hold a lot of drugs, not being too harmful to the body as a whole, letting more
drugs through, and being very stable chemically and physically [1]. Therefore, we can
control the porosity of the membranes to modify the rate of pharmaceutical release [19].
Precursors used for the fabrication of nanoporous membranes could be organic, inorganic,
or composite materials. Silicon-based products and anodised aluminium oxide (AAO) are
some examples of inorganic compounds [20,21].

AAO membranes possess a well-organised, homogeneous structure with precise con-
trol over the dimensions and arrangement of their features. The electrochemical anodisation
process allows for the facile and cost-effective production of ordered hexagonal porous
structures, making it an attractive choice for large-scale manufacturing compared to more
complex techniques [22]. The specific parameters of the anodisation process, such as time,
temperature, voltage, and electrolyte type and concentration (e.g., phosphoric, sulphuric,
or oxalic acids), can be tuned to modulate the distribution, shape, and size of the structural
elements (e.g., the depth, barrier thickness, diameter, and spacing) [19].

Despite these advantages, researchers face challenges during the fabrication and sepa-
ration of AAO membranes. Achieving the desired structural profile requires the careful
optimisation of numerous factors, including the applied voltage, electrolyte composition,
anodisation sequence, and duration [21,23]. Moreover, the separation methods commonly
employed are often sophisticated, irreproducible, and time-consuming, with some tech-
niques even causing pore wall dissolution and structural damage.

Furthermore, the inherent low mechanical strength of AAO membranes can lead to
the production of fragmented samples. To address these challenges, this study aimed to
optimise the conditions for the preparation of stable AAO membranes with controlled
structural features using the electrochemical anodisation technique. Various parameters,
including the anodisation time and electrolyte type, were investigated to precisely modulate
the pore profile (e.g., the diameter, spacing, density, and length) and chemistry (e.g., the
crystallographic phase, distribution, and impurity content). This level of control is crucial
for producing highly defined nanostructured AAO templates that can be used to manipulate
the drug volume and regulate its release. As a model application, the optimised membranes
were utilised for the in vitro loading and release of donepezil hydrochloride, a drug for the
treatment of Alzheimer’s disease, in artificial cerebrospinal fluid.
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2. Materials and Methods
2.1. Materials

Aluminium foil (Al, 99.998%, 0.5 mm thick, Alfa Aesar, Ward Hill, MA, USA), acetone
(C3H6O, 99.3%, Piochem, Giza, Egypt), sodium hydroxide (NaOH, 39.997 g/mol, El-
Nasr pharmaceutical chemicals company, Cairo, Egypt), absolute ethanol (CH3CH2OH,
46.07 g/mol, Merck, Darmstadt, Germany), perchloric acid (HClO4, 71–73%, Advent,
Mumbai, India), oxalic acid dihydrate (H2C2O4·2H2O, 126.07 g/mol, Advent, Mumbai,
India), chromium trioxide extra pure (CrO3, 99.99 g/mol, Laboratory Rasayan, Gujarat,
India), orthophosphoric acid (H3PO4, 85%, El Nasr pharmaceutical chemicals company,
Cairo, Egypt), sulphuric acid (H2SO4, 95–97%, Merck, Darmstadt, Germany), copper (II)
chloride (CuCl2, 134.45 g/mol, Advent, Mumbai, India), hydrochloric acid (HCl, 37%,
El Nasr pharmaceutical chemicals company, Cairo, Egypt), and donepezil hydrochloride
(C24H30ClNO3, ≥98% (HPLC), Sigma Aldrich, Lu Wan Qu, Shanghai, China).

2.2. Experiments
2.2.1. Preparation of Alumina Nanoporous Membranes

Nanoporous alumina membranes were prepared using a two-step anodisation process at
0 ◦C. Before anodisation, a high-purity, 0.5 mm thick Al foil was heat-treated in air at 500 ◦C
for 3 h. Then, surface treatment for the foil was performed in acetone for 10 min to remove
the grease and in 1 M sodium hydroxide for 3 min to dissolve the Al2O3. Subsequently, it was
thoroughly rinsed with Milli-Q water. After that, the Al foil was electrochemically polished in
a mixture of perchloric acid and ethanol in a 1:3 (V/V) ratio, resulting in a mirror-like film.
In the electrochemical system, the Al sheet acts as an anode that faces a platinum electrode
cathode. The electropolishing voltage was adjusted to 20 V for 3 min in an ice bath.

The Al2O3 nanoporous membrane was fabricated through two anodisation processes
in a homemade anodisation cell (shown in Figure 1), as described elsewhere [23]. To obtain
nanoporous AAO structures, the anodisation cell contained 50 mL of 0.3 M oxalic acid (or
0.3 M sulphuric acid) at a potential of approximately 40 V (or at 25 V for the sulphuric acid)
for 5 h. Anodisation was carried out at 0 ◦C to remove the generated Joule heat and induce
the rapid growth of anodic oxides without further burning. The second anodisation step was
carried out similarly to the first anodisation step but for different periods (3, 5, 7, and 10 h).
Between the two-step anodisation, a selective removal or stripping of the porous oxide layer
formed in the first anodisation step was performed in a mixed solution of 1.8 wt% chromium
trioxide and 6 V% orthophosphoric acid solutions at 70 ◦C to pre-structure the aluminium (Al)
surface (textured surface). This step was required to ensure the self-organisation of flawless
pores from up to down the tube during the second anodisation step. The resulting inner
surface of the Al displayed a uniform concave nano-array, providing a foundation for building
an ordered pore size distribution. According to [24], porous alumina has a double structure,
which is made up of a barrier and porous layers. The porous alumina layer was formed with
hexagonal cells that had nanopores in their centres. At the bottom of the pores, a continuous,
dielectric oxide layer was formed, which is called the barrier layer (Figure 1).

2.2.2. Different Separation Techniques of AAO Nanoporous Membranes

To separate the AAO membrane from the underlying Al sheet, different procedures
were performed to fabricate free-standing and through-hole AAO arrays.

Chemical Method

In this method, the AAO/Al was first put in a copper (II) chloride and hydrochloric
acid solution to remove the Al. Then, it was immersed in 5 wt.% orthophosphoric acid to
remove the barrier layer and open the pores at the bottom of the membrane. A protective
layer made of clay was coated on the top surface of the AAO/Al sheet to give mechanical
strength to the membrane and to prevent the over-etching of the surface structure and
the uneven diffusion of the H3PO4 acid into the nanopores (seen in Figure S1) during the
removal of the barrier layer. Then, we selectively etched away the unreacted aluminium
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substrate by immersing it in a solution containing 3.5 g copper (II) chloride and 100 mL
hydrochloric acid (37%) [25].
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Figure 1. Schematic diagram of a typical anodising setup showing both the top and cross-section
views of a fully grown nano-tube array (a) thin layer of oxide (barrier layer) forms at the early
beginning of the anodization, (b) small pits to form porous layer on the formed Al2O3 membrane,
and (c) nano-pore growth in a honeycomb structure.

Voltage Pulse Detachment Method

In this technique, we performed electrolysis at a high voltage, as previously reported
by Yuan et al. [26]. The AAO was separated as follows: after the second anodisation step, a
stepwise voltage reduction in the oxalic acid from the formation voltage (i.e., 40 V) to 10 V was
performed. This consequently led to a decrease in the barrier layer’s thickness. A voltage-drop
process was applied to partially penetrate the barrier layer. Anodic polarisation in a mixed
solution of perchloric acid and ethanol (1:1 wt.%) for 3 sec was repeated several times at a
voltage of 50 V, which was higher than the formation voltage that was applied. The detached
anodic films, i.e., the AAO membranes, were chemically etched in 5 wt.% phosphoric acid
at 30 ◦C to remove any residual barrier layers. It was expected that the intensified electric
field-assisted dissolution of the oxide layers would be enhanced by the chemical dissolution
induced by Joule heating [26].

The Wet Etching of Two-Layered Anodic Porous Alumina

In the third technique, the AAO/Al was anodised for a third time in 12 M H2SO4 at a
constant voltage similar to the formation voltage, i.e., either 40 V or 25 V, at 0 ◦C for 20 min
(for every 90 min of the second anodisation step). The detachment of the membrane was
carried out in the mixed solution of CrO3 and H3PO4 at 30 ◦C for 15 min (for every 90 min
of the second anodisation step) [27–29].

2.3. Characterisation of AAO Membranes
2.3.1. Scanning Electron Microscopy

The surface morphology and the elemental composition of the AAO membranes
prepared using different electrolytes and at different anodisation times were examined
using a scanning electron microscope (SEM) coupled with energy dispersive X-rays (EDXs)
(JXA-840A, Electron Probe Micro-Analyzer, JEOL, Tokyo, Japan) at 15 kV. They were
also examined before and after the drug loading, as well as after annealing at different
temperatures. Carbon tape was used to secure the membranes to the stainless-steel sample
holders, and all of the samples were Au-sputtered. Structural features such as the pore
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diameter, interpore distance, pore density, and layer thickness were determined using
Equations (1)–(4) after curing the data analysed from the SEM images by the ImageJ
software (1.46r). The porosity (δ) was calculated from Equation (1) as follows:

δ =
π

2
√

3
×

(
Dp

Dc

)2
= 0.907 ×

(
Dp

Dc

)2
(1)

where Dp (in nm) and Dc (in nm) are the AAO pore diameter and the interpore distance,
respectively.

Pore density (p) is the total number of pores per 1 cm2 surface area, and is estimated
by Equation (2), as follows:

P =
2 × 1014
√

3 × D2
c

(2)

The wall thickness (W) can be determined assuming the formation of a typical hexago-
nal pore from Equation (3), as follows:

W =
(Dc−Dp)

2 (3)

The barrier layer thickness (B) can be estimated from the wall thickness via Equation (4),
as follows:

B = 1.12 × W (4)

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Before and after the drug loading, the variation in the functional groups on the
surfaces of the AAO membranes were examined using FTIR (model FT-IR/ATR, Nicolet
6700 Thermo-Fisher, Norristown, PA, USA) in IR regions from 4000 to 400 cm−1.

2.3.3. Contact Angle

One of the major characteristics of implantable drug carriers is their surface wettability,
which controls their ability to adhere to the treated site while also facilitating drug release.
The contact angle of the AAO membranes was measured using the OCA 15 EC optical
contact angle instrument (Data Physics Instrument, Filderstadt, Germany) in accordance with
ASTM-D 7334-08 [30]. For the CA measurements, a droplet of distilled water was utilised.

2.3.4. Atomic Force Microscopy (AFM)

The AAO membranes’ three-dimensional topography and roughness were examined
using an atomic force microscope (AFM) (XE-100; Park Systems, Suwon, Republic of Korea).
To gather the pertinent parameters (Ra), the scanning area of the atomic force probe was set
to 25 m2 for this test. A WiTec alpha 300 R Raman Imaging Microscope was connected to
the AFM. A silicon cantilever with a force constant of 42 N/m and a frequency range of
280–300 kHz was used to record the AFM pictures in non-contractual mode.

2.4. In Vitro Drug Loading and Release

Loading was performed using 1 mL of drug dissolved in an artificial cerebrospinal
fluid (ACSF) or water (the release of the dissolved drug in water is represented only
in Supplementary Materials). The drug was pipetted drop-by-drop onto the membrane
surface. Each drop was 100 µL, as the loading step was repeated ten times until the complete
loading of 1 mL of the drug solution on each membrane. Between each step, the membrane
was left to dry at room temperature. Membranes with dimensions of 1 cm × 1 cm were
loaded with two different donepezil concentrations of 10 mg/membrane (named O10 for
oxalic AAO membranes and S10 for sulphuric AAO membranes) and 20 mg/membrane
(named O20 for oxalic AAO membranes and S20 for sulphuric AAO membranes). After
that, the drug release efficiency of the nanoporous membranes was studied for 14 days in
ACSF. A volume of 3 mL was withdrawn from each sample and replaced with fresh ACSF
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at the following time intervals: 1, 3, 5, 24, 72, 120, 168, and 336 h. The drug release profiles
were determined by measuring the amount of donepezil released into the ACSF using a
UV spectrophotometer at a λmax of 230 nm [31,32].

2.5. Donepezil Release Kinetics

The mechanism of the donepezil release in vitro was predicted by comparing the
release data with the zero-order, diffusion, and Korsmeyer–Peppas mathematical mod-
els [33–35] using Equations (5) and (6), as follows:

Q = KHt
1
2 (5)

Qt
Q∞

= Kktn (6)

where Qt/Q∞ is the fraction of drug released at time t, KH and KK are the Higuchi and
Korsmeyer–Peppas dissolution rate constants, and n is the kinetic exponent. In the case
of quasi-Fickian diffusion, a value of n < 0.5; Fickian diffusion = 0.5; for non-Fickian or
anomalous transport, n = 0.5–1.0; for Case II transport, n = 1.0.

2.6. Drug Release Efficiency and Kinetics after Heat Treatment

Membranes annealed at different temperatures (500, 600, and 700 ◦C) were loaded
with 20 mg/membrane of the donepezil drug. Drug release was carried out in ACSF for
different periods of time, and at the end of the experiment, the drug release kinetics were
also studied, as previously mentioned.

3. Results and Discussion
3.1. Preparation of Alumina Nanoporous Membranes

Figure S1 displays an image of the Al surface after electropolishing in a perchloric
acid–ethanol mixture and before the anodisation process. The Al exhibits a flat, shiny, and
a mirror-like surface with small pits, which are anticipated to act as seeds for the pore
nucleation. Electropolishing typically smooths surface irregularities and creates a high
density of small pits that grow into pore nuclei. Moreover, the anodisation of the alumina
membranes could be briefly explained as illustrated below:

At first, Al3+ ions are formed and diffuse from the surface to the substrate/electrolyte
interface (Reaction (7)); then, water electrolysis is carried out, which occurs at the bottom
of the pore adjacent to the electrolyte/oxide interface (Reaction (8)). Subsequently, the O2−

ions migrate within the barrier layer under the electric field and react with the Al3+ ions,
forming Al2O3 (Reaction (9)). The dissolution rate is also continuous (Reaction (10)) [36].

Al(s) → Al3+ + 3e− (7)

2H2O(aq) → 2O2− ↑ +4H+ ↑ (8)

2Al3+(aq) + 3O2− → Al2O3(s) (9)

Al2O3(s) + 6H+ → 2Al3+(aq)3H2O (10)

When the porous alumina membranes are anodised, an electric field helps the oxide layer
dissolve at the point where the electrolyte and oxide meet. At the interface between the
electrolyte and oxide, the electric field speeds up the breakdown of the oxide.

Electrolytes are important because of their protons. It is proposed that, at the bottom
of the pores, the protons produced from the dissociation of the acids, besides the water-
splitting reaction, are utilised to further dissolve Al2O3, according to Equation (10). Thus,
the dissolution process is an acid-catalysed reaction. In our study, we have focused on
two types of electrolytes, namely, 0.3 M oxalic acid (operating voltage (V): 40 V) and 0.3 M



Nanomaterials 2024, 14, 1078 7 of 23

H2SO4 (V = 25 V), to prepare the AAOs with a pore diameter of less than 100 nm through a
mild two-step anodisation process.

3.2. Detachment of Anodic Film from the Al Substrate

The anodic aluminium oxide (AAO) film was separated from the aluminium substrate
by the three methods, mentioned in the Section 2, and the results are summarised in Table 1.

Table 1. The different separation methods used and the obtained results.

Samples
Separation Chemical

Method
Voltage Pulse
Detachment

Through-Hole
Method

Oxalic-acid-prepared AAO (O)

Failed;
membrane

cracking and a
very slow
reaction

Failed; very fine
AAO fragments
in the solution

Succeeded; a
free-standing

AAO membrane
was obtained

Sulphuric-acid-prepared AAO (S)
Succeeded, but a

very slow
reaction

Failed; very fine
AAO fragments
in the solution

Failed; cracked
AAO membrane

As shown in Table 1 and Figures S2–S4, the through-hole method was successful in
piercing the barrier layer and detaching the AAO membrane in the case of the oxalic-acid-
prepared film. This method relies on the easy dissolution of the alumina resulting from the
anodisation of concentrated H2SO4. This is because the alumina layer contains sulphate
anions. When using sulphuric acid as an electrolyte, the chemical method functions
effectively due to its reliance on a single replacement reaction between Al and Cu.

We fabricated Al2O3 via the first anodisation step for 5 h and the second anodisation
step for 1 h in 0.3 M oxalic acid, as shown in Figure 2. The micrograph in Figure 2a reveals
a high density of pores and parallel grooves. There is minimal separation between the
pores, making it difficult to determine their diameter. Pore nucleation may occur during
the electropolishing stage in perchloric acid and/or at the beginning of the anodisation in
oxalic acid. Figure 2b shows the top-view images after the second ionisation, and, as seen,
the pore size increases and the pore density starts to decline. The merging of adjacent pores
explains this phenomenon. A hydrogen ion attack on the oxide layer by the generated
electric field could explain the pore growth. Therefore, a low hydrogen ion concentration is
predicted to cause a slow reaction or the inhibition of the local chemical dissolution at the
oxide/electrolyte interface, leading to a pore-free Al surface. Thus, the hydrogen ion attack
is essential for pore nucleation and growth, as reported by [36–38].

Figure 2c demonstrates the side view of the AAO film, which shows straight cylindrical
tubes without any branches or tilting. They are well separated and uniformly aligned tubes
with highly controllable pore diameters, confirming the successful formation of the AAO.
The average pore volume was determined to be 21.9 nm (Figure 2d). A study of the surface
composition of the porous layer was performed with an EDX. Figure 2e shows an atomic
ratio of 58.59% for oxygen and 41.41% for aluminium. The chemical composition results
prove the formation of a stoichiometric Al2O3 film. These results were reproducible for all
of the fabricated samples at different anodisation times.
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3.3. Effect of Second Anodisation Time on the Structural Features of Nanoporous Alumina
3.3.1. The Influence of Electrolyte Type (Oxalic Acid)

Figure 3 shows the top-view SEM images of different Al2O3 membranes in 0.3 M oxalic
acid performed at constant cell voltage (40 V) and at 0 ◦C. All of the AAO films were fabricated
by first anodising the Al foil for 5 h and a second anodisation step that was performed at
different times. The SEM displays similar nanoporous surfaces where the development of
point defects and dislocations took place with the increment in the anodisation period. The
pore size distribution is also shown in Table 2. When comparing the pore diameter at 1 h
(21.91, Figure 2d) to 3 h (38.20, Table 2), it is clear that there is a significant jump. After that,
with the variation in the second anodisation time (3–10 h), the average pore diameter (DP)
was estimated to be around 37 nm in most cases. The anodisation time also did not affect the
interpore distance (DC) within this range of time (3–10 h). As presented in Table 2, the interpore
distance (Dc) was around 97 nm. Reports indicate that the conversion of Al into Al2O3 initiates
the self-ordering of the pores. The formation of ordered pores, which induce microstructural
adjustments and result in hexagonally close-packed arrays, releases compressive stress due to
this volume expansion. This expansion is defined by the Pilling–Bedworth Ratio (PBR) [39],
which is expressed as follows:

PBR = Volume of oxide produced/Volume of metal consumed (11)

Either the voltage or the electrolyte concentration causes this volume expansion. Volume
expansion was explained to result in pushing the oxide in an upward and peripheral
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direction, thus increasing the length of the pore wall. Thereby, the squeezing in the
pore walls is responsible for forming larger pores. There is a linear relationship between
the applied voltage and the pore diameter and interpore distance, which is denoted by
Equations (12) and (13), as follows:

Dp = λp × V (12)

Dc = λc × V (13)

where λp and λc are the proportionality constants, empirically found to be λ ≈ 0.95 nm/V
and λc ≈ 2.5 nm/V from the literature, and V is the applied potential.
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(a) 3 h, (b) 5 h, (c) 7 h, and (d) 10 h in 0.3 oxalic acid at 40 V and 0 ◦C (yellow arrows represents
dislocations and grooves found in the samples).

Table 2. Characteristics of the AAO prepared at a fixed potential (40 V), electrolyte concentration
(0.3 M oxalic acid), temperature (0 ◦C), and at different second anodisation times.

Sample ID
(First/Second
Anodisation)

Pore Diameter
Dp (nm)

Interpore
Distance Dc (nm) Porosity (%) Pore Density

(Pore/cm2)
Wall Thickness

(nm)
Barrier Layer

Thickness (nm)

5/3 38.20 97.40 14 1.22 × 1010 78.3 87.69

5/5 39.60 99.37 14 1.17 × 1010 79.57 89.12

5/7 37.03 98.81 13 1.18 × 1010 80.29 89.93

5/10 32.53 92.43 11 1.35 × 1010 76.16 85.30

In this study, we are using the same electrolyte (0.3 M oxalic acid) and the same
voltage (40 V); therefore, based on Equations (12) and (13), the predicted values for the
pore diameter and interpore distance should be 38 nm and 100 nm, respectively. When
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extending the anodisation time, these values should not change. These predictions are in
a good match with the results achieved experimentally. The wall thickness and barrier
layer thickness show a similar trend to the pore diameter. These findings indicate that no
microstructural changes occur in the pores as the time of second anodisation increases.
Thus, it is confirmed that the influence of increasing the applied voltage is more significant
than anodisation time on controlling the surface characteristics [40]. The decrease in the
barrier layer is anticipated to take place in the first anodisation duration owing to the
generation of individual pathways through the barrier layer as the porous alumina film
is formed under controlled voltage. When the porous alumina membranes are anodised,
an electric field helps the oxide layer dissolve at the point where the electrolyte and oxide
meet. At the oxide/metal interface, there is a balance between the electric-field-enhanced
oxide dissolution and oxide formation [41]. This balance is crucial for the formation of
porous alumina membranes, allowing steady-state pore propagation into the Al foil. Bai
et al. prepared an AAO film in a mixed acid solution, and they reported that the first
anodisation step in H2SO4 accounted for the changes in the pore diameter [42].

The AAO tubular membrane thickness for the 5 h/10 sample was 145.5 mm, as shown
in Figure S5. Belwalkar et al. [43] have reported a membrane thickness of 76 m for an
AAO prepared in 20 wt% sulphuric acid under 12.5 V [43]. Yoshimoto and his coworkers
conducted anodisation in H2SO4 for 10 h to prepare an AAO at room temperature, and
they attained a maximum film thickness of 100 mm [44]. The increment in the membrane
thickness in our study could be attributed to the higher applied voltage versus the reported
studies [43,44].

Membrane thickness significantly influences the mechanical strength of the AAO tubular
membranes and their resistance to fracture during the fabrication process. Under similar
conditions to our study, the growth rate of porous AAO films was found to be 60 nm/min.
Based on these studies, we anticipated that our film thickness for different anodisation times
to be within 3.6–90 µm for periods from 1 h up to 25 h. However, reports indicate that a
prolonged second anodisation time yields a limiting thickness. The dynamic equilibrium
between the Al oxidation and the oxide film’s chemical dissolution forms the film. Thus,
the oxide formation relies on the hydrogen and oxygen concentrations, and the dissolution
process is dependent on the applied field. The AAO’s dissolution rate is believed to limit the
membrane thickness and negatively influence the membrane nanohardness.

It is noteworthy to emphasise here that the slight change in the pore diameter as the
second anodisation time increases could be attributed to the formation of pore precursors
during the initial anodisation process. It is obvious that the pore diameter increases with
time in the first anodisation (as shown in Figure 4a–c). Chahrour and his coworkers [45]
have proven that the second anodisation limits the growth of the reconstructed pores,
thereby enhancing their depth and increasing the AAO thickness.
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and (c) 9 h, respectively.



Nanomaterials 2024, 14, 1078 11 of 23

In order to test the assumption that the second anodisation step has a limited influence
on the pore diameter, a longer anodisation time around 25 h was carried out, as shown in
Figure 5 for a sheet of Al which was initially anodised at 5 h. The SEM images displayed
domains and pore merging, as depicted by the arrows along the domain boundaries. In
addition, the SEM micrographs at a low magnification (Figure 5b) demonstrate a superpo-
sition of grooves that cover the cylindrical pore structure with crests. When compared to
the Al sheets that underwent a short-term second anodisation, the histogram in Figure 5c
demonstrates that the mean pore diameter is lowered to 29.06 nm (Table 2). This informa-
tion leads us to believe that, beyond a certain threshold, the second anodisation period will
have a pronounced effect on the pore features.
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Figure 5. (a,b) High- and low-magnification top-view SEM of the Al surface after the second anodisation
step for 25 h in 0.3 M oxalic acid at 40 V and 0 ◦C, and (c) a histogram depicting the pore diameter.

3.3.2. The Influence of Electrolyte Type (Sulphuric Acid)

Anodising Al foil in H2SO4 solutions forms a porous AAO film, as shown in Figure 6.
The films have a narrow range of pore diameters of 19–22 nm, with an interpore distance of
approximately 60 nm, as shown in Table 3. These data are consistent with the early reported
values [46]. It is noticeable that the films anodised in H2SO4 have a smaller cell diameter
than oxalic acid. The applied voltage could explain this behaviour. The anodisation voltage
in the former acid was carried out at 40 V, while in the sulphuric acid it was performed
at 25 V. This demonstrates the effect of the increasing potential in providing porous oxide
films with larger cell diameters. Additionally, the electrolyte conjugate base plays a critical
role in achieving uniform pores [40]. Again, it was observed that the time of the second
anodisation step has a slight effect on the pore features. A minor reduction in the pore
diameter takes place with increasing the anodisation time from 3 to 10 h at a fixed voltage.

Table 3. Characteristics of the AAO prepared at a fixed potential (25 V), electrolyte concentration
(0.3 M sulphuric acid), temperature (0 ◦C), and at different second anodisation times.

Sample ID
(First/Second
Anodisation)

Dp (nm) Dc (nm) Porosity (%) Pore Density
(Pore/cm2)

Wall Thickness
(nm)

Barrier Layer
Thickness (nm)

5/3 22.6 58.9 13 3.33 × 1010 47.6 53.31

5/5 20.3 59.9 10 3.22 × 1010 49.75 55.72

5/7 20.3 60.4 10 3.17 × 1010 50.25 56.28

5/10 19.7 63.3 8 2.88 × 1010 53.45 59.86
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Figure 6. SEM images of the Al2O3 membrane surface after the second anodisation in 0.3 M H2SO4

at 25 V and 0 ◦C for (a) 3 h, (b), 5 h, (c) 7 h, and (d) 10 h, and the corresponding images depicting the
histograms of the pore diameter for each run.

The inspection of the effect of the time of the first anodisation process on the pore char-
acteristics of the membrane prepared in sulphuric acid was tested at a constant voltage, i.e.,
25 V. Figure 7 shows the effect of a long anodisation time in both steps (first anodisation = 8
h; second anodisation = 18 h) on the properties of the obtained pores. According to the pore
distribution curve, the average pore diameter is 27.58 nm and the interpore distance is 74.9 nm.
This experimental observation further supports our hypothesis that the second anodisation
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process slightly controls the pore properties of the AAO membrane up to a certain value, above
which the pore features start to change.
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Figure 7. (a) SEM of the Al surface after the second anodisation step in 0.3 M H2SO4 at 40 V and 0 ◦C,
and (b) a histogram depicting the pore diameter distribution.

To assess the possibility of using the nano-engineered implants for the targeted de-
livery of donepezil hydrochloride to brain sites, we have chosen the AAO membrane that
was fabricated in both oxalic acid and H2SO4 for 5 h/10 h and studied its release effects.

3.3.3. Effect of Calcination Temperature on the Pore Features

Figure 8 illustrates the impact of annealing an AAO membrane on the porous structure
of AAO membranes prepared using oxalic acid. Samples annealed at 500 ◦C showed the
smallest pore size, which is approximately 37.8 nm, with no change in the pore features
compared to the untreated membranes (Figure 8a). By increasing the annealing temperature
from 600 ◦C to 700 ◦C, the pores appear to have been widened, as they increased from
51.6 nm to 55.6 nm (Figure 8b,c). Conversely, the thickness of the walls and barrier layers
decreased with the increasing temperature, as shown in Table 4. Furthermore, the shape of
the pores is hexagonal and more uniform in the samples annealed at 600 and 700 ◦C.

Table 4. Characteristics of the AAO membranes at different annealing temperatures.

Heat
Temperature of

Oxalic
Membranes

Pore Diameter
Dp (nm)

Interpore
Distance Dc

(nm)
Porosity (%) Pore Density

(pore/cm2)
Wall Thickness

(nm)
Barrier Layer

Thickness (nm)

500 37.8 92 15 1.36 × 1010 73.1 81.87

600 51.6 95.7 26 1.26 × 1010 69.87 78.25

700 55.6 97.24 29 1.22 × 1010 69.44 77.77

3.4. Surface Morphology of AAO after Drug Loading

Donepezil hydrochloride is a highly solubilised drug in both water and ACSF solutions.
Figure 9a shows an SEM image of the raw drug, which exhibits platelet shapes of different
sizes. Figure 9b reveals the membrane surface after loading the drug solution (dissolved in
deionised water) onto its surface. Neither the agglomeration of the drugs on the membrane
surface nor the raw drug substance was visible, suggesting that the raw drug either
penetrated the membrane pores or adhered to the surface. However, in the case of the
drug dissolved in the ACSF, traces of the ACSF were left untreated on the surface of both
membranes (prepared either by oxalic acid or H2SO4), and a random distribution of it was
spread on the AAO surface (Figure 9c,d). However, this cannot exclude the possibility of
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drug loading into the AAO channels. The EDX in Figure S6 shows the presence of Cl and
N on the membrane surface, which further confirms the existence of the drug residue on
the AAO surface.
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3.5. FTIR before and after Drug Loading

The FT-IR spectra were examined to verify the advancement of the donepezil HCl
loading into the Al2O3 channel. The FTIR spectra of the as-prepared AAO membranes
fabricated in two different acids before and after drug loading are shown in Figure 10a,b. For
the oxalic-acid-prepared AAO membranes (Figure 10a), the results show a broad band at
3437.4 cm−1, which is related to the O-H group that appears as a result of adsorbed water
from the surroundings. Also, bands that appear at 1634.7 and 600.5 cm−1 are assigned to
C=O stretching and γ-AlO6, respectively [47]. The FTIR spectra obtained for the donepezil
HCl (Figure 10a,b) also show four characteristic peaks at 2922.75, 2835.6, 1695, and 1587.91
cm−1 corresponding to Ar-CH=CH stretching, the CH stretching of CH3 and CH2, the C=O
ketone stretching band, and C=C bond stretching, respectively [48]. As is evident from the
FTIR spectra of both the oxalic-acid- and sulphuric-acid-fabricated AAO membranes, both
membranes contain the characteristic peaks of the alumina and drug.
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3.6. Contact Angle

The surface hydrophilicity of the AAO membranes prepared using oxalic acid and
sulphuric acid was determined using contact angle measurements. The contact angle is
determined by measuring the angle between the surface of the membranes and water
droplets. The contact angle instrument tracks the droplet behaviour on the surface until it
stops changing. As shown in Figure 11, the results indicate both the oxalic- and sulphuric-
acid-prepared membranes exhibit hydrophilic properties. Also, the results have shown
that the contact angle of the oxalic-acid-prepared membranes is 60.3◦, which is smaller
than the contact angle of the sulphuric-acid-prepared membranes, which is 74.7◦. The
contact angles with the water were highly influenced by the chemical composition of the
membranes. This indicates that the oxalic-acid-prepared membranes are more hydrophilic
than the sulphuric-acid-prepared ones. The difference in the functional groups present on
the membranes’ surface may account for this difference. The presence of COOH functional
moieties on the oxalic-acid-prepared membranes makes them more hydrophilic than the
S-O-containing membranes [49,50].
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3.7. AFM of AAO before and after Drug Loading

The three-dimensional AFM images for the AAOs of different membranes fabricated
in different electrolytes at 5 h/10 h are shown in Figure 12. The AFM analysis demonstrates
an increase in the surface roughness of the AAO after drug loading in the case of oxalic acid
(Figure 12a,b), resulting in a higher surface area. On the other hand, after drug loading, the
surface roughness of the membranes fabricated in H2SO4 decreased from 222 nm to 63 nm. A
more refined topography was observed for the surface of the membrane prepared by oxalic
acid as compared to sulphuric acid.

3.8. In Vitro Drug Release

All of the samples (Figure 13a,b) showed a burst release of donepezil within the first
5 h. This is because the drug is near the surface and is being absorbed or trapped there,
making it easy for it to move through the ACSF. The O1 and S1 samples released nearly
twice as much drug as the samples with higher concentrations. This could be due to the
drug completely filling the pores, slowing down the release from the O2 and S2 samples.
The O1 and S1 samples demonstrated a fast and gradual drug release in the following hours
(from 5 to 24 h), releasing all of the loaded drug after 3 days from the experiment’s start.
On the other hand, during the first hours of the experiment (from 1 to 5 h), the amount of
drug released from the O2 and S2 samples was smaller than that of the O1 and S1 samples.
Later hours witnessed a gradual and sustained release of the drug. Consequently, the drug
released nearly 77.72% of its total amount in the O2 samples and 77.39% in the S2 samples
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after 14 days. So, as observed, there is no significant difference between the behaviour of
oxalic-acid-loaded membranes and the sulphuric-acid-loaded membranes. These results
align with the previous literature demonstrating that drug release remains independent of
the pore diameter but not of the pore depth, a factor not explored in our research paper [51].
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3.9. Drug Release Kinetics

In vitro donepezil release from alumina nanoporous membranes was fitted using
different mathematical models and the kinetic parameters are listed in Table 5. According
to the mathematical calculations, the regression coefficients were 0.889 and 0.95 in the
Korsmeyer–Peppas model and 0.86 and 0.94 in the Higuchi model for the O1 and O2
samples, respectively. Also, for the AAO membranes prepared using sulphuric acid, the
regression coefficients were 0.90 and 0.948, and in the Korsmeyer–Peppas model and
Higuchi model, they were 0.87 and 0.945 for the S1 and S2 samples, respectively. In
the present investigation, the Korsmeyer–Peppas model was determined to be the most
suitable model for describing the release kinetics of donepezil from the alumina nanoporous
membranes. The Korsmeyer–Peppas model is a prevalent mathematical model employed
to analyse the release of drugs from porous materials. The release exponent (n) in the
Korsmeyer–Peppas model is a vital parameter that defines the release process. The variable
n offers valuable data into the prevailing drug release. The release exponent (n) values for
the alumina nanoporous membranes loaded with donepezil were documented as follows:
0.35 for O1, 0.31 for O2, 0.34 for S1, and 0.27 for S2. These numbers suggest that the
drug release mechanism is mostly characterised by non-Fickian or anomalous transport.
These findings indicate that the liberation of donepezil from the nanoporous membranes is
affected by processes other than only diffusion, such as membrane swelling, erosion, or the
relaxing of the membrane matrix [34,35].
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Table 5. Release kinetics parameters of donepezil-loaded alumina nanoporous membranes.

Formula
Code

R2 Value † Korsmeyer–Peppas Model

n Maximum
Release %Zero-Order

Model

Korsmeyer–
Peppas
Model

Higuchi
Model

t50 **
(hours)

t90 ***
(hours)

O1 0.72 0.889 0.86 4.24 8.62 0.35 100

O2 0.79 0.95 0.94 10.31 19.72 0.31 77.72

S1 0.74 0.90 0.87 4.41 9.03 0.34 95.40

S2 0.79 0.948 0.945 10.37 19.84 0.27 77.39
† R2-value is the value of the regression co-efficient, t50 ** is time required for 50% of the drug to be released, and
t90 *** is time required for 90% drug release.

3.10. Effect of Temperature on the Drug Release and Kinetics

Calcined samples at different temperatures were studied for in vitro drug release to
evaluate the effect of heat treatment on the drug release and kinetics from the membranes
(Figure 14). In the first few hours (from 1 to 5 h), the initial burst release was nearly identical
in all of the samples. After that, a slight difference between the samples appeared, as the
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samples calcined at 600 ◦C showed a slower release percentage than the other samples. A
gradual increase in the drug release was observed from day 1 to day 7. As a result, about
78.11%, 72.18%, and 75.68% of the total amount of the drug were released from the 500 ◦C,
600 ◦C, and 700 ◦C samples, respectively. The release of the samples at 600 ◦C and 700 ◦C
was slightly less than the release of the untreated membranes; therefore, the experiment was
extended a few days in order to reach the maximum release. Samples annealed at 500 ◦C and
700 ◦C reached 100% after 17 days, whereas samples annealed at 600 ◦C reached 100% after
18 days. These results indicated that calcination slowed down the drug release slightly.
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From Table 6, it was found that the Higuchi model provided the most accurate repre-
sentation of the release kinetics of donepezil from the calcined membranes. The Higuchi
model is a commonly employed mathematical model for drug release from matrix systems,
in which the rate of release is directly related to the square root of time [52]. This implies
that the primary factor controlling the release of the medicine is the process of diffusion
across the nanoporous membranes. The R2 values quantify the degree of agreement be-
tween the Higuchi model and the experimental data, indicating the quality of the fit. A
higher R2 value, which is closer to one, indicates a stronger correlation between the model
and the data.

Table 6. Release kinetics parameters of donepezil-loaded calcined alumina nanoporous membranes.

Heat
Temperature

of Oxalic
Membranes

R2 Value † Higuchi Model

n Maximum
Release %Zero-Order

Model

Korsmeyer–
Peppas
Model

Higuchi
Model

t50 **
(hours)

t90 ***
(hours)

500 ◦C 0.91 0.96 0.97 78.34 357.34 0.33 100

600 ◦C 0.92 0.96 0.97 93.30 404.33 0.33 100

700 ◦C 0.91 0.96 0.97 84.25 378.92 0.33 100
† R2-value is the value of the regression co-efficient, t50 ** is time required for 50% of the drug to be released, and
t90 *** is time required for 90% drug release.
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The Higuchi model constants for the temperatures of 500 ◦C, 600 ◦C, and 700 ◦C are
consistently stated as 0.97. These constants indicate that the rate at which donepezil is
released from the AAO membranes is relatively constant. The t90 values, which indicate
the duration needed for 90% drug release, are documented as 357.34, 404.33, and 378.92 h
for each corresponding case. The Higuchi model offers valuable insights into the release
mechanisms and kinetics of donepezil from the calcined alumina nanoporous membranes.
According to the model, drug release is primarily controlled by diffusion, as indicated by
the relationship between the square root of time and the drug release rate. The Higuchi
model proposes that the diffusion process is the main factor controlling the release of
donepezil from the nanoporous membranes. In this scenario, the drug molecules permeate
the nanoporous structure of the membranes, eventually discharging into the surrounding
medium as time progresses [53]. It is suggested that the temperature affects the behaviour
of the nonporous membranes. The release mechanism of donepezil from the calcined
nanoporous membranes can be explained by the interaction of various factors, such as the
size and structure of the pores in the membranes, the solubility of the drug, the interactions
between the drug and the membranes, and the difference in concentration between the drug-
loaded membranes and the surrounding medium [54]. However, it is worth mentioning
that other factors, such as swelling, erosion, or the relaxation of the membrane matrix,
may also play a role in the overall release behaviour. These further mechanisms, while not
directly accounted for in the Higuchi model, could impact the rate at which donepezil is
released from the calcined nanoporous membranes.

4. Conclusions

This study effectively improved and created AAO nanoporous membranes by using
a two-step electrochemical anodisation procedure, employing various electrolytes and
anodisation durations. By manipulating the anodisation duration and the electrolyte type,
we were able to accurately regulate the pore diameter. Upon comparing the two electrolytes
under examination, it was discovered that the pores created in sulphuric acid were smaller
in size and had shorter distances between them compared to the pores formed in oxalic
acid. In addition, the consistency and form of the pores were more evident in oxalic acid.
Moreover, when anodised for the same duration, the pore density was greater in oxalic
acid compared to sulphuric acid, leading to a higher ratio of surface area to volume. This
attribute renders the membranes highly suitable for medication delivery applications. We
have verified the effectiveness of these nanoporous membranes for continuous medication
release by conducting tests on the drug release behaviour. The diffusion control mechanisms
were identified to influence the release kinetics of donepezil, which is a model drug. The
data suggest that the liberation of donepezil from the membranes predominantly takes
place via the process of drug molecules diffusing through the nanoporous structure. Our
research indicates that the produced nanoporous alumina membranes have favourable
characteristics that make them suitable for use as drug carriers in a variety of drug delivery
applications. The ability to precisely manipulate the size, the uniformity, and the high ratio
of the surface area to volume makes them highly attractive contenders for effective and
regulated drug delivery systems.

Supplementary Materials: The following supporting information are downloaded at: https://www.
mdpi.com/article/10.3390/nano14131078/s1, Figure S1: Electropolished Al surface; Figure S2: The
dissolution of Al metal in the copper chloride solution; Figure S3: The voltage pulse detachment
method; Figure S4: The free-standing AAO membrane obtained by the wet etching of the two-
layered anodic porous alumina; Figure S5: SEM image of the cross-section view of the AAO tubular
membrane on the Al foil anodised in 0.3 M oxalic acid at 40 V at 0 ◦C for 5 h/10 h; Figure S6: EDX
of drug-loaded Al2O3 membranes: (a) oxalic-acid-prepared membrane; (b) sulphuric-acid-prepared
membrane; (c) drug dissolved in H2O; and Figure S7: Dissolution profiles of donepezil HCl dissolved
in water and ACSF, respectively.

https://www.mdpi.com/article/10.3390/nano14131078/s1
https://www.mdpi.com/article/10.3390/nano14131078/s1


Nanomaterials 2024, 14, 1078 21 of 23

Author Contributions: L.O. and S.A.M.E.-S., methodology, software, validation, formal analysis,
investigation, and writing—original draft preparation; H.T.H., methodology, software, validation,
formal analysis, investigation, writing—original draft, data curation, writing—review and editing,
and supervision; M.M., resources, data curation, writing—review and editing, supervision, project
administration, and funding acquisition; E.M.E., supervision. All authors have read and agreed to
the published version of the manuscript.

Funding: This research work was supported by the research project “Nanoporous Membranes
for Intrathecal (Pseudo) Delivery of Drugs” funded by the Academy of Scientific Research and
Technology (ASRT), EuroNanoMed (ENM) III, EURONANOMED2020-084-INTREPIDUS and the
Scientists for next generation (SNG) scholarship program (Call 8) funded by the ASRT.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors would like to thank the Academy of Scientific Research and Technol-
ogy (ASRT) and EuroNanoMed (ENM) III for funding this research work. The first author (Lamyaa
Osama), a scholarship student of the Scientists for next generation (SNG) program (Call 8), would like
to thank the Academy of Scientific Research and Technology (ASRT) for their financial contributions.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lamptey, R.N.; Chaulagain, B.; Trivedi, R.; Gothwal, A.; Layek, B.; Singh, J. A review of the common neurodegenerative disorders:

Current therapeutic approaches and the potential role of nanotherapeutics. Int. J. Mol. Sci. 2022, 23, 1851. [CrossRef] [PubMed]
2. Hoover, B.R.; Reed, M.N.; Su, J.; Penrod, R.D.; Kotilinek, L.A.; Grant, M.K.; Pitstick, R.; Carlson, G.A.; Lanier, L.M.; Yuan, L.L.;

et al. Tau mislocalization to dendritic spines mediates synaptic dysfunction independently of neurodegeneration. Neuron 2010,
68, 1067–1081. [CrossRef] [PubMed]

3. Milnerwood, A.J.; Raymond, L.A. Early synaptic pathophysiology in neurodegeneration: Insights from Huntington’s disease.
Trends Neurosci. 2010, 33, 513–523. [CrossRef] [PubMed]

4. Scott, D.A.; Tabarean, I.; Tang, Y.; Cartier, A.; Masliah, E.; Roy, S. A pathologic cascade leading to synaptic dysfunction in
α-synuclein-induced neurodegeneration. J. Neurosci. 2010, 30, 8083–8095. [CrossRef] [PubMed]

5. Kovacs, G.G. Molecular pathology of neurodegenerative diseases: Principles and practice. J. Clin. Pathol. 2019, 72, 725–735.
[CrossRef] [PubMed]

6. Feigin, V.L.; Vos, T.; Nichols, E.; Owolabi, M.O.; Carroll, W.M.; Dichgans, M.; Deuschl, G.; Parmar, P.; Brainin, M.; Murray, C. The
global burden of neurological disorders: Translating evidence into policy. Lancet Neurol. 2020, 19, 255–265. [CrossRef] [PubMed]

7. Mattson, M.P. Apoptosis in neurodegenerative disorders. Nat. Rev. Mol. Cell Biol. 2000, 1, 120–130. [CrossRef] [PubMed]
8. Hague, S.M.; Klaffke, S.; Bandmann, O. Neurodegenerative disorders: Parkinson’s disease and Huntington’s disease. J. Neurol.

Neurosurg. Psychiatry 2005, 76, 1058–1063. [CrossRef] [PubMed]
9. Harding, B.N.; Kariya, S.; Monani, U.R.; Chung, W.K.; Benton, M.; Yum, S.W.; Tennekoon, G.; Finkel, R.S. Spectrum of

neuropathophysiology in spinal muscular atrophy type I. J. Neuropathol. Exp. Neurol. 2015, 74, 15–24. [CrossRef]
10. Klockgether, T.; Mariotti, C.; Paulson, H.L. Spinocerebellar ataxia. Nat. Rev. Dis. Prim. 2019, 5, 24. [CrossRef]
11. Lee, H.J.; Yoon, Y.S.; Lee, S.J. Molecular mechanisms of cellular senescence in neurodegenerative diseases. J. Mol. Biol. 2023, 435,

168114. [CrossRef] [PubMed]
12. Adlimoghaddam, A.; Neuendorff, M.; Roy, B.; Albensi, B.C. A review of clinical treatment considerations of donepezil in severe

Alzheimer’s disease. CNS Neurosci. Ther. 2018, 24, 876–888. [CrossRef] [PubMed]
13. Ballabh, P.; Braun, A.; Nedergaard, M. The blood–brain barrier: An overview: Structure, regulation, and clinical implications.

Neurobiol. Dis. 2004, 16, 1–13. [CrossRef] [PubMed]
14. Teleanu, D.M.; Negut, I.; Grumezescu, V.; Grumezescu, A.M.; Teleanu, R.I. Nanomaterials for drug delivery to the central nervous

system. Nanomaterials 2019, 9, 371. [CrossRef] [PubMed]
15. Poovaiah, N.; Davoudi, Z.; Peng, H.; Schlichtmann, B.; Mallapragada, S.; Narasimhan, B.; Wang, Q. Treatment of neurodegenera-

tive disorders through the blood–brain barrier using nanocarriers. Nanoscale 2018, 10, 16962–16983. [CrossRef] [PubMed]
16. Chauhan, P.S.; Yadav, D.; Koul, B.; Mohanta, Y.K.; Jin, J.O. Recent advances in nanotechnology: A novel therapeutic system for

the treatment of Alzheimer’s disease. Curr. Drug Metab. 2020, 21, 1144–1151. [CrossRef] [PubMed]
17. Spuch, C.; Saida, O.; Navarro, C. Advances in the treatment of neurodegenerative disorders employing nanoparticles. Recent Pat.

Drug Deliv. Formul. 2012, 6, 2–18. [CrossRef] [PubMed]
18. Modi, G.; Pillay, V.; Choonara, Y.E. Advances in the treatment of neurodegenerative disorders employing nanotechnology. Ann.

N. Y. Acad. Sci. 2010, 1184, 154–172. [CrossRef] [PubMed]
19. Jeon, G.; Yang, S.Y.; Kim, J.K. Functional nanoporous membranes for drug delivery. J. Mater. Chem. 2012, 22, 14814–14834.

[CrossRef]

https://doi.org/10.3390/ijms23031851
https://www.ncbi.nlm.nih.gov/pubmed/35163773
https://doi.org/10.1016/j.neuron.2010.11.030
https://www.ncbi.nlm.nih.gov/pubmed/21172610
https://doi.org/10.1016/j.tins.2010.08.002
https://www.ncbi.nlm.nih.gov/pubmed/20850189
https://doi.org/10.1523/JNEUROSCI.1091-10.2010
https://www.ncbi.nlm.nih.gov/pubmed/20554859
https://doi.org/10.1136/jclinpath-2019-205952
https://www.ncbi.nlm.nih.gov/pubmed/31395625
https://doi.org/10.1016/S1474-4422(19)30411-9
https://www.ncbi.nlm.nih.gov/pubmed/31813850
https://doi.org/10.1038/35040009
https://www.ncbi.nlm.nih.gov/pubmed/11253364
https://doi.org/10.1136/jnnp.2004.060186
https://www.ncbi.nlm.nih.gov/pubmed/16024878
https://doi.org/10.1097/NEN.0000000000000144
https://doi.org/10.1038/s41572-019-0074-3
https://doi.org/10.1016/j.jmb.2023.168114
https://www.ncbi.nlm.nih.gov/pubmed/37085010
https://doi.org/10.1111/cns.13035
https://www.ncbi.nlm.nih.gov/pubmed/30058285
https://doi.org/10.1016/j.nbd.2003.12.016
https://www.ncbi.nlm.nih.gov/pubmed/15207256
https://doi.org/10.3390/nano9030371
https://www.ncbi.nlm.nih.gov/pubmed/30841578
https://doi.org/10.1039/C8NR04073G
https://www.ncbi.nlm.nih.gov/pubmed/30182106
https://doi.org/10.2174/1389200221666201124140518
https://www.ncbi.nlm.nih.gov/pubmed/33234100
https://doi.org/10.2174/187221112799219125
https://www.ncbi.nlm.nih.gov/pubmed/22272933
https://doi.org/10.1111/j.1749-6632.2009.05108.x
https://www.ncbi.nlm.nih.gov/pubmed/20146696
https://doi.org/10.1039/c2jm32430j


Nanomaterials 2024, 14, 1078 22 of 23

20. Agrawal, A.A.; Nehilla, B.J.; Reisig, K.V.; Gaborski, T.R.; Fang, D.Z.; Striemer, C.C.; Fauchet, P.M.; McGrath, J.L. Porous
nanocrystalline silicon membranes as highly permeable and molecularly thin substrates for cell culture. Biomaterials 2010, 31,
5408–5417. [CrossRef]

21. Wang, L.; Nagato, K.; Iwasaki, S.; Hamaguchi, T.; Nakao, M. Fabrication of through-hole membrane with anodic alumina
nanohole array. Microelectron. Eng. 2015, 141, 62–67. [CrossRef]

22. Eessaa, A.K.; El-Shamy, A.M. Review on fabrication, characterization, and applications of porous anodic aluminum oxide films
with tunable pore sizes for emerging technologies. Microelectron. Eng. 2023, 279, 112061. [CrossRef]

23. Sulka, G.D.; Brzózka, A.; Zaraska, L.; Jaskuła, M. Through-hole membranes of nanoporous alumina formed by anodizing in
oxalic acid and their applications in fabrication of nanowire arrays. Electrochim. Acta 2010, 55, 4368–4376. [CrossRef]

24. Keller, F.; Hunter, M.S.; Robinson, D.L. Structural features of oxide coatings on aluminum. J. Electrochem. Soc. 1953, 100, 411.
[CrossRef]

25. Raoufi, M.; Schönherr, H. Improved synthesis of anodized aluminum oxide with modulated pore diameters for the fabrication of
polymeric nanotubes. RSC Adv. 2013, 3, 13429–13436. [CrossRef]

26. Yuan, J.H.; He, F.Y.; Sun, D.C.; Xia, X.H. A simple method for preparation of through-hole porous anodic alumina membrane.
Chem. Mater. 2004, 16, 1841–1844. [CrossRef]

27. Brudzisz, A.; Sulka, G.D.; Brzózka, A. Through-hole AAO-SA templates with a small pore diameter prepared by the voltage
pulse detachment method. Microporous Mesoporous Mater. 2019, 283, 73–81. [CrossRef]

28. Yanagishita, T.; Masuda, H. High-throughput fabrication process for highly ordered through-hole porous alumina membranes
using two-layer anodization. Electrochim. Acta 2015, 184, 80–85. [CrossRef]

29. Yanagishita, T.; Masuda, H. Facile preparation of porous alumina through-hole masks for sputtering by two-layer anodization.
AIP Adv. 2016, 6, 085108. [CrossRef]

30. ASTM-D 7334-08; Standard Practice for Surface Wettability of Coatings, Substrates and Pigments by Advancing Contact Angle
Measurement. ASTM: West Conshohocken, PA, USA, 2022.

31. Pawlik, A.; Jarosz, M.; Syrek, K.; Sulka, G.D. Co-delivery of ibuprofen and gentamicin from nanoporous anodic titanium dioxide
layers. Colloids Surf. B Biointerfaces 2017, 152, 95–102. [CrossRef]

32. Patil, R.P.; Pawara, D.D.; Gudewar, C.S.; Tekade, A.R. Nanostructured cubosomes in an in situ nasal gel system: An alternative
approach for the controlled delivery of donepezil HCl to brain. J. Liposome Res. 2019, 29, 264–273. [CrossRef] [PubMed]

33. Sreedharan, S.M.; Singh, R. Ciprofloxacin functionalized biogenic gold nanoflowers as nanoantibiotics against pathogenic
bacterial strains. Int. J. Nanomed. 2019, 14, 9905–9916. [CrossRef] [PubMed]

34. Higuchi, T. Mechanism of sustained-action medication. Theoretical analysis of rate of release of solid drugs dispersed in solid
matrices. J. Pharm. Sci. 1963, 52, 1145–1149. [CrossRef] [PubMed]

35. Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous hydrophilic polymers.
Int. J. Pharm. 1983, 15, 25–35. [CrossRef]

36. Dobosz, I. Influence of the anodization conditions and chemical treatment on the formation of alumina membranes with defined
pore diameters. J. Porous Mater. 2021, 28, 1011–1022. [CrossRef]

37. Safyari, M.; Mori, G.; Ucsnik, S.; Moshtaghi, M. Mechanisms of hydrogen absorption, trapping and release during galvanostatic
anodization of high-strength aluminum alloys. J. Mater. Res. Technol. 2023, 22, 80–88. [CrossRef]

38. Poinern, G.E.J.; Ali, N.; Fawcett, D. Progress in nano-engineered anodic aluminum oxide membrane development. Materials 2011,
4, 487–526. [CrossRef] [PubMed]

39. Arurault, L. Pilling–Bedworth ratio of thick anodic aluminium porous films prepared at high voltages in H2SO4 based electrolyte.
Trans. IMF 2008, 86, 51–54. [CrossRef]

40. Sianturi, M.; Juwono, A.L.; Anawati, A. Effect of Formation Voltage on the Pore Size of Porous Anodic Aluminum Oxide. IOP
Conf. Ser. Mater. Sci. Eng. 2019, 599, 012007. [CrossRef]

41. Oh, J.; Thompson, C.V. The role of electric field in pore formation during aluminum anodization. Electrochim. Acta 2011, 56,
4044–4051. [CrossRef]

42. Bai, A.; Hu, C.C.; Yang, Y.F.; Lin, C.C. Pore diameter control of anodic aluminum oxide with ordered array of nanopores.
Electrochim. Acta 2008, 53, 2258–2264. [CrossRef]

43. Belwalkar, A.; Grasing, E.; Van Geertruyden, W.; Huang, Z.; Misiolek, W.Z. Effect of processing parameters on pore structure and
thickness of anodic aluminum oxide (AAO) tubular membranes. J. Membr. Sci. 2008, 319, 192–198. [CrossRef] [PubMed]

44. Yoshimoto, M.; Morizono, Y.; Tsurekawa, S.; Baba, T. Anodizing of aluminum in sulfuric acid and oxalic acid solutions with
percarboxylic acid-based additive. J. Ceram. Soc. Jpn. 2012, 120, 276–279. [CrossRef]

45. Chahrour, K.M.; Ahmed, N.M.; Hashim, M.R.; Elfadill, N.G.; Maryam, W.; Ahmad, M.A.; Bououdina, M. Effects of the voltage
and time of anodization on modulation of the pore dimensions of AAO films for nanomaterials synthesis. Superlattices Microstruct.
2015, 88, 489–500. [CrossRef]

46. Pashchanka, M. Conceptual progress for explaining and predicting self-organization on anodized aluminum surfaces. Nanomate-
rials 2021, 11, 2271. [CrossRef] [PubMed]

47. Petukhov, D.I.; Buldakov, D.A.; Tishkin, A.A.; Lukashin, A.V.; Eliseev, A.A. Liquid permeation and chemical stability of anodic
alumina membranes. Beilstein J. Nanotechnol. 2017, 8, 561–570. [CrossRef]

https://doi.org/10.1016/j.biomaterials.2010.03.041
https://doi.org/10.1016/j.mee.2015.01.037
https://doi.org/10.1016/j.mee.2023.112061
https://doi.org/10.1016/j.electacta.2010.01.048
https://doi.org/10.1149/1.2781142
https://doi.org/10.1039/c3ra41165f
https://doi.org/10.1021/cm049971u
https://doi.org/10.1016/j.micromeso.2019.03.052
https://doi.org/10.1016/j.electacta.2015.10.019
https://doi.org/10.1063/1.4961126
https://doi.org/10.1016/j.colsurfb.2017.01.011
https://doi.org/10.1080/08982104.2018.1552703
https://www.ncbi.nlm.nih.gov/pubmed/30501444
https://doi.org/10.2147/IJN.S224488
https://www.ncbi.nlm.nih.gov/pubmed/31908448
https://doi.org/10.1002/jps.2600521210
https://www.ncbi.nlm.nih.gov/pubmed/14088963
https://doi.org/10.1016/0378-5173(83)90064-9
https://doi.org/10.1007/s10934-021-01052-w
https://doi.org/10.1016/j.jmrt.2022.11.111
https://doi.org/10.3390/ma4030487
https://www.ncbi.nlm.nih.gov/pubmed/28880002
https://doi.org/10.1179/174591908X264365
https://doi.org/10.1088/1757-899X/599/1/012007
https://doi.org/10.1016/j.electacta.2011.02.002
https://doi.org/10.1016/j.electacta.2007.09.039
https://doi.org/10.1016/j.memsci.2008.03.044
https://www.ncbi.nlm.nih.gov/pubmed/19578471
https://doi.org/10.2109/jcersj2.120.276
https://doi.org/10.1016/j.spmi.2015.10.011
https://doi.org/10.3390/nano11092271
https://www.ncbi.nlm.nih.gov/pubmed/34578587
https://doi.org/10.3762/bjnano.8.60


Nanomaterials 2024, 14, 1078 23 of 23

48. Reddy, K.; Kumar, Y.A. Preparation and in vitro evaluation of donepezil hydrochloride orodispersible tablets. GSC Adv. Res. Rev.
2023, 15, 128–139. [CrossRef]

49. Wu, Y.; Yao, C.; Wang, Y.; Ding, M.; Xu, H.; Yan, X.; Gao, L. Water recovery from the high salinity brine: Effect of the interlayer
structure in the polyamide nanofiltration membrane. J. Environ. Chem. Eng. 2024, 12, 111963. [CrossRef]

50. Kanzariya, D.B.; Vala, S.; Jampa, S.S.; Sinha, M.K.; Pal, T.K. Synthesis of enhanced hydrophilic UiO-66-(COOH)2/PSF hybrid
membrane for efficient separation of o/w and removal of water pollutants. J. Environ. Chem. Eng. 2023, 11, 111049. [CrossRef]

51. Kwak, D.H.; Yoo, J.B.; Kim, D.J. Drug release behavior from nanoporous anodic aluminum oxide. J. Nanosci. Nanotechnol. 2010, 10,
345–348. [CrossRef]

52. Uyar, M.; Cakmak, S. Three-dimensional macro/micro-porous curcumin releasing polycaprolactone/chitosan nanofiber scaffolds
as wound dressing. Colloids Surf. A Physicochem. Eng. Asp. 2024, 688, 133573. [CrossRef]

53. Siepmann, J.; Peppas, N.A. Higuchi equation: Derivation, applications, use and misuse. Int. J. Pharm. 2011, 418, 6–12. [CrossRef]
[PubMed]

54. Farzan, M.; Roth, R.; Schoelkopf, J.; Huwyler, J.; Puchkov, M. The processes behind drug loading and release in porous drug
delivery systems. Eur. J. Pharm. Biopharm. 2023, 189, 133–151. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.30574/gscarr.2023.15.3.0153
https://doi.org/10.1016/j.jece.2024.111963
https://doi.org/10.1016/j.jece.2023.111049
https://doi.org/10.1166/jnn.2010.1531
https://doi.org/10.1016/j.colsurfa.2024.133573
https://doi.org/10.1016/j.ijpharm.2011.03.051
https://www.ncbi.nlm.nih.gov/pubmed/21458553
https://doi.org/10.1016/j.ejpb.2023.05.019
https://www.ncbi.nlm.nih.gov/pubmed/37230292

	Introduction 
	Materials and Methods 
	Materials 
	Experiments 
	Preparation of Alumina Nanoporous Membranes 
	Different Separation Techniques of AAO Nanoporous Membranes 

	Characterisation of AAO Membranes 
	Scanning Electron Microscopy 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Contact Angle 
	Atomic Force Microscopy (AFM) 

	In Vitro Drug Loading and Release 
	Donepezil Release Kinetics 
	Drug Release Efficiency and Kinetics after Heat Treatment 

	Results and Discussion 
	Preparation of Alumina Nanoporous Membranes 
	Detachment of Anodic Film from the Al Substrate 
	Effect of Second Anodisation Time on the Structural Features of Nanoporous Alumina 
	The Influence of Electrolyte Type (Oxalic Acid) 
	The Influence of Electrolyte Type (Sulphuric Acid) 
	Effect of Calcination Temperature on the Pore Features 

	Surface Morphology of AAO after Drug Loading 
	FTIR before and after Drug Loading 
	Contact Angle 
	AFM of AAO before and after Drug Loading 
	In Vitro Drug Release 
	Drug Release Kinetics 
	Effect of Temperature on the Drug Release and Kinetics 

	Conclusions 
	References

