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Microneedle arrays are a simple, noninvasive transdermal delivery system. The
technique's preparation, optimization, and scaling up are all active research topics. This
paper investigates a simple method for making microneedle molds for inverted-solvent casting
preparation of microneedle arrays. The effect of different resins and printing conditions on
the geometry of microneedle arrays was investigated using stereolithography 3D printing. Four
molds prepared in this study were selected to be filled with candesartan cilexetil in a mixture of
polymers that include EMPROVE® and gantrez. The fully formed MNAs were evaluated based
on skin perforation, drug release through Franz cells, bending ability, and sterilization. The
model drug and the resultant MNAs were evaluated based on the MNA's shape, drug release,
and compression resistance. To improve process quality and achieve highly aligned defect-free
needles, the surface of the fabricated microneedles was modified with a monolayer of hyaluronic
acid. The structure design was optimized using computer-aided design. The molds were tested
by producing candesartan cilexetil microneedle array patches for transdermal delivery. This
study discovered that hot plate post-treatment and avoiding shear force during mold peeling are
critical for fabricating high-quality arrays. Candesartan cilexetil microneedles were successfully
prepared, and the release rate was 73.36 * 7.29% of the loaded candesartan cilexetil amount
over 24 hours. The obtained molds can potentially be used to fabricate microneedle arrays
successfully.
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Microneedles arrays (MNASs) patches
are emerging as a promising transdermal drug
delivery system.! MNAs are small, painless,
and minimally invasive arrays, usually less than
millimeters long. They deliver drugs throughout
the skin by penetrating the outermost layer, the
stratum corneum. 3 This approach provides merits
over traditional medication delivery methods,

including injections, oral tablets, and transdermal
patches. Small chemicals, peptides, proteins,
and vaccines may be delivered using MNAs.*
Microneedles arrays are expected to increase
patient compliance and treatment effectiveness.’
The market for transdermal patches, including
MNAs, has expanded dramatically in recent years.
By 2025, the transdermal medication delivery
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market is anticipated to reach a value of around
95.77 billion US Dollars.*

There are several methods used for the
fabrication of MNAs. Each MNA fabrication
method has advantages and limitations, and the
choice of a certain technique for design and
fabrication depends on the specific application
requirements and the desired properties of the
microneedles.” For example, MNAs may be
produced using solvent casting in an inverted
mold that requires a precise fabrication of molds.
However, the potential expense of manufacturing
molds and the challenge of mass production
are some of this method’s main drawbacks.®
Laser ablation is another technique for creating
microscopic needles from a substrate using lasers.
However, being a time-consuming process and
unsuitable for mass production are the main
downsides.? Etching, which utilizes chemicals
to remove material from a substrate in a targeted
manner employed to fabricate MNAs, still provides
low accuracy and homogeneity in needle shape.'®

Moreover, drawing lithography, which
employs a fine-tipped pen to trace microneedles
onto a substrate, has demonstrated difficulty
achieving consistent needle shape and high
manufacturing throughput.!" Besides, making
a microneedle mold, filling it with a polymer
solution, and cementing it is known as solvent
casting. This method’s limitations include the need
for great accuracy and homogeneity in the needle’s
shape, which can make it difficult to accomplish
the intended functions of these structures, and the
solvent employed could be poisonous or bad for
the skin.!? However, a recent method for MNA
fabrication is the 3D printing of molds, which
utilizes additive manufacturing techniques to
create microneedles layer by layer. The process
of scaling up MNA manufacturing has several
challenges. However, this technique offers better
flexibility and can be scaled up, even though
achieving high resolution and mechanical strength
can be difficult.” Candesartan (an ARB) effectively
lowers blood pressure in hypertension, significantly
reduces heart failure morbidity and mortality (fewer
hospitalizations and deaths), and slows diabetic
nephropathy progression through renal protective
effects !¢, could be effectively delivered through
transdermal methods, overcoming challenges like
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skin penetration and absorption variability, using
noninvasive technology.'”!#

The purpose of this study is to prepare a
novel application of stereolithography (SLA) 3D
printing for MNA fabrication, study the effects of
different resins and printing conditions on needle
geometry, and the preparation of microneedles
in the designated molds to produce candesartan
cilexetil microneedle array patches for transdermal
delivery. In addition, hydrophilic hyaluronic acid
coating to fill microneedles without requiring a
centrifuge is novel in this research and could lead to
increased production of commercial microneedles
on a larger commercial scale.

MATERIALS AND METHODS

Materials

Rigid 10k, Elastic 80A, standard black
resins, and general-use silicon molds were
obtained from Form Labs (USA). Hyaluronic acid,
candesartan cilexetil, Emprove® 5-88, dimethyl
sulfoxide (DMSO), and methanol were obtained
from Merck (Germany). Gantrez s-97 was kindly
donated from Ashland (Ireland). PVP k30 was
purchased from BBC Chemicals. All chemicals
were used as received without any further
purification.
Experimental Procedure and used apparatus

The fabrication of a mold that can be used
to cast biocompatible materials to make dissolving
microneedles was performed by using the SLA 3D
printing technique. Three different types of resins
were selected for this study, including Rigid 10k,
Elastic 80A, and Standard black. Formlabs Form
3L printer (Massachusetts, USA) was used for 3D
printing of the test structures. Different layers’
widths and printing angles were used for each
specimen. After printing the molds, the fabricated
structures were removed from the printer and
washed with Isopropyl alcohol, and then cured with
UV-light in a curing machine (AMS Technologies,
Bayern, Germany) to maximize material properties
and to achieve the curing point of each different
types of used resin. The printed structures were
evaluated for their dimensional accuracy and
surface quality using a Quanta FIG 450 Scanning
Electron Microscope (SEM) (Thermofisher,
Massachusetts, USA), a Profilm 3D optical
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profilometer (California, USA), and an OKN177
Reflective light microscope (Kern optics, Balingen,
Germany).
CAD Design and Mesh Analysis

To achieve accurate and precise printing
conditions, using microneedles in 3D printing
necessitates a correct tiny mesh in the CAD
program. Fusion 360 software was utilized in
this investigation to prepare the different MNAs
designs to be printed. Initially, the automated mesh
feature incorporated into Fusion 360 did not give
the necessary degree of detail for microneedle
printing. Inadequate mesh density resulted in
gaps or bulges in the printed sample, hampered
its operation. To address this issue, the mesh was
manually modified to fine meshing level, resulting
in high-quality printing with no bulging or gaps.
As aresult, while configuring the mesh settings in
the CAD program for micro-needle printing, it is
critical to consider the printing material’s size and
the needed degree of detail of the printed MNAs.
Figure 1 shows the meshing analysis of the MNA’s
CAD designs.
MNAs preparation and characterization
Fabrication of CC MNAs microneedles

To prepare the microneedle-loaded drug,
amixture of 30% w/v Emprove® in distilled water,
10%w/v PVP, and 1% gantries s-97 in a volumetric
ratio of 3:6:1 were mixed properly. Then, 16 mg
of candesartan was dissolved in 1 mL methanol
with two drops of dimethylsulfoxide (DMSO)
and vortexed until a clear solution was obtained.
Afterward, 450 pL was taken from the resultant
mixture and mixed properly with 150 pL of the
candesartan solution in an Eppendorf, then injected
slowly in the in-house customized 3D-printed
microneedles. The molds were tapped gently and
then left to dry for 48 hours. The microneedles were
peeled and evaluated based on their full formation.
The dimensions of the successful microneedle
formulation’s tips were measured using ImagelJ
software."
Insertion test

The penetration efficiency of the fabricated
microneedles was tested using rat skin. The study
was implemented using experimental procedures
approved by the Al-Zaytoonah University animal
ethics committee (Ethics Number: 01/08/2022-
2023). The rats’ skin in this study was carefully
shaved using a scalpel blade, and the fat layer
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underneath the hypodermis layer was removed. The
tissue samples were frozen at “80 °C and naturally
thawed before the tests. The microneedles were
pressed manually for 1 minute, and images were
taken using a digital microscope.”

Drug release and diffusion of CC microneedles
through Franz cells

Phosphate buffer saline solution (pH 7.4)
was prepared by adding 2.86g NaH,PO,, 0.2¢g
KH,PO,, and 8g NaCl in 1L of distilled water.
The drug release experiment was conducted
with modifications.?*?' Three excised rat skin
sheets were mounted on 3 Franz diffusion cells
(PremeGear, USA) (the exposed area was 1X1 cm
to be fitted with the surface area of the chamber,
average weight was 31.03 mg), and it was assured
that the exposed area of the upper part of the shaved
skin is facing the donor chamber, where then the
microneedles patch was pressed on the top part of
the skin for 60 sec. The receiver chambers were
filled with 8 mL phosphate buffer saline (pH=7.4)
to provide adequate skin hydration. The cells were
incubated at 37 + 0.5°C under occlusive conditions
for 24 h with stirring at 60 rpm.

At predetermined intervals, 8/ mL samples
were withdrawn from the receptor chamber via the
side arm using a long syringe and immediately
replaced with fresh PBS to maintain sink conditions.
The withdrawn samples were filtered using a 0.45/
um PVDF syringe filter (chosen for its low protein
binding and compatibility with organic solvents)
to remove particulate matter. The filtrate was
analyzed for candesartan content using UV—visible
spectrophotometry at 255/ nm (Shimadzu UV 1800,
Japan). Cumulative drug release was expressed as
mean/ +/ SD.

Mechanical features of the fabricated
microneedles: Compression

The ability of the microtips to bend and
resist fracture was measured using TA.XT Plus
texture analyzer (Stable Microsystem, Surrey, UK)
22, The images of microneedle tips were captured
using a polarized microscope and then measured
via Image] software. The microneedles were later
compressed using a flat probe with a diameter of
7mm. The flat probe was applied on the surface of
the tips of the microneedles and left in contact for
30 sec at 40 N as compression force. Subsequently,
the images were taken, and the height reduction
was analyzed using ImagelJ. The reduction in
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microneedle height was recorded as a percentage
reduction compared to the original height.!*?2
Sterilization of the fabricated microneedles
The CC-fabricated microneedles were
subjected to sterilization by two methods; the first
one was autoclaving for 10 minutes, and the second
method was using a UV lamp. The microneedles
were fixed on an agar Petri dish, sterilized with UV
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Lamp, and left in an incubator for 24 h at 37°C to
check microbial growth. At 24 h, the Petri dish
was removed from the incubator and checked for
the presence or absence of microbial growth. As a
control, an agar plate was sterilized and placed in
the incubator, and images of the agar Petri dishes
were acquired.

Fig. 1. (a) Proper meshing effect on sample uniformity, (b) Sample distortion due to poor mesh formation

Reference Purchased Mold

3D Printed Mold Using
Standard Black Resin

Fig. 2. Optical profiler images for standard black resin mold 50 im x 50 im base and 150 im height at a 0° printing
angle
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RESULTS

Several features must be addressed and
optimized to properly employ SLA for 3D printing
of the microneedles, such as material properties,
CAD design, printing resolution, curing time,
and post-processing techniques. However, when
these factors are controlled, the SLA technique
has the potential to revolutionize microneedle
manufacture. The SLA approach enables the
fabrication of intricate structures and patterns that
would be impossible to achieve with conventional
microneedle manufacturing technologies. It also
enables rapid prototyping and design iteration,
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leading to faster development and optimization
of microneedles for a wide range of applications.
Notwithstanding the difficulty in regulating the
parameters, the SLA technique is a viable choice for
producing novel and effective microneedle-based
technologies.
Direct/Indirect Mold 3D Printing Results
Commercially available silicon molds,
with dimensions of 50 im square pyramid base and
150 im height, were purchased to reference the 3D
printed molds using the SLA technique. Directly
printing MNAs molds with the same dimensions
showed poor printing quality, as seen in the optical
profiler image illustrated in Figure 2.
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Fig. 3. Performed analysis on the printed MNAs: a) Degree of error between input and output values for direct
molds MNAs at different printing angles, and b) Degree of error between input and output values for positively
extruded MNAs at different printing angles

b

Fig. 4. An illustration of the bubble formation when curing PDMS uses a) a conventional oven and b) a hot plate
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Further analysis was conducted to check
the possibility of printing direct molds. Square
pyramid needles with an aspect ratio (AR) of 2.5
and depth of (50 im, 100 im, 250 im, 500 im, and
1000 im, respectively) were printed and examined
to check the accuracy of the printing. Results were
gathered in Figure 3 (a). The resin used for this test
was the Flexible 80A, and the layer height was

a)
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set to 100 im. In order to overcome the rubbery
(flexibility) property of the Flexible 80A, it was
decided to print the needles first and then prepare
a silicon master mold from the printed MNAs.
Positive extruded square pyramid needles were also
tested under the same conditions as the direct mold
needles. AR of 2.5 and depths of (50 im, 100 im,
250 im, 500 im, and 1000 im, respectively) were

b)

Fig. 5. SEM images of the rigid 10k needles after PDMS peeling a) sample without hyaluronic acid monolayer
coating, and b) sample with hyaluronic acid monolayer coating

Fig. 6. An image showing the optimum master mold peeling direction
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Fig. 7. SEM images of the prepared structures (a, b) Conical MNAs base deformation after 3D printing with
standard black resin 100 im layer width (c, d) Square pyramid MNAs shape deformation

a b

Fig. 8. SEM images of the spear and b cylindrical MNAs after 3D printing with standard black resin, with a 100
im layer width Microneedles
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printed using Flexible 80A resin, and the layer
height was set to 100 im. The obtained analysis is
shown in Figure 3 (b).
Post-treatment process results

After processing the 3D printing of the
microneedles, the printed structures were ready for
silicon mold casting using polydimethylsiloxane
(PDMS). It was noticed that curing the PDMS in
an oven is a faster approach but results in lower
quality molds when compared to curing on a hot
plate, as bubbles tend to escape more easily on a
hot plate and result in a more accurate master mold.
Tests were performed at 80 °C temperature. This
process is illustrated in Figure 4.
Resin-PDMS Interaction

The resin can interact with the PDMS in
three different ways: the first one is the resin and
PDMS strong adhesion, the second one is resin
inhibiting the curing of PDMS, and the third one is
resin and PDMS weak adhesion. Since easy peeling
of the master mold from the 3D printed piece is
important, the most desirable case is the third case,
where resin and PDMS show weak adhesion. This
type of interaction was mostly seen in the standard
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black resin. The rigid 10k resin also showed good
PDMS curing, but unlike the standard black resin,
it showed a strong adhesion with the PDMS. The
last resin tested was the elastic 80A resin. This resin
prevented the curing of the PDMS substantially.
Even with a high curing agent concentration and
temperatures, the PDMS in the elastic 80A resin
never cured, making it unsuitable for microneedle
fabrication.

An approach that can be used to reduce the
adhesion between the rigid 10k resin and PDMS
to increase the quality of the final needles is to
coat the PDMS mold with a hydrophobic surface
of hyaluronic acid by using Langmuir-Blodgett
(LB) technique. The LB technique is widely
used for preparing thin films of hydrophobic and
hydrophilic materials on various surfaces.” Two
MNA structures were printed using the rigid 10k
resin and cast using PDMS. One of the samples was
coated with a monolayer of hyaluronic acid by the
LB technique. To make the hyaluronic acid surface
hydrophobic, fatty acid, a hydrophobic molecule,
was introduced into the monolayer. SEM Images
for the Rigid 10k needles after PDMS peeling were
taken for both samples, as shown in Figure 5.

Fig. 9. showing the candesartan loaded microneedles, where A illustrates fully formed microneedles fabricated
in 3D printed mold after silicon curing at 80°C on hotplate overnight, B illustrates the microneedles poured in
3D printed mold where the silicone curing took three h in an oven at 180°C, C shows microneedles in 3D printed
microneedles where the silicon curing was at 80°C in an oven overnight. D represents microneedles formed in
3D-printed microneedles where silicone curing was at 110°C for 1.5 hours on a hotplate
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It is also vital that the PDMS peeling
process be perpendicular to the needle direction
to prevent any shear stress that may form. This
was obtained when the walls of the sample were
printed separately to be able to peel them vertically,
as illustrated in Figure 6.

Shape deformation results

Following 3D printing, the resulting
sample undergoes a phenomenon whereby
its geometric properties are altered due to its
minuscule scale. As evidenced by the images
below, the shapes intended to be perfect squares
with dimensions of 500 im x 500 im and perfect
circles with a diameter of 500 im are subjected
to deformations. The deformation of the printed
object can be attributed to various factors, including
the manufacturing process itself, as well as
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Cumulative drugrelease %
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environmental conditions, such as temperature and
humidity. Therefore, it is crucial to consider these
factors when producing and handling 3D-printed
objects, particularly those intended for precision
applications. The SEM images of these structures
are shown in Figure 7.

In addition to the square above and
circular shapes, other MNAs’ geometries, including
spear-shaped and cylindrical microneedles, were
also investigated. These shapes also exhibited
slight deformations following 3D printing, which
can be attributed to the nature of the additive
manufacturing process. 3D printing works by
depositing layers of material, one on top of the
other, which can lead to small variations in the
shape and size of the final product. These findings
highlight the importance of understanding the
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Fig. 10. a: Image of rat skin showing the prepared microneedles penetration of the skin. b: Candesartan release
from MNA showing release over 24 hours from the microneedle’s arrays showing 73.36+ 7.29%. The release
best fits the Korsmeyer-Peppas model because it has the highest r? value. ¢; Microneedles tip subjected to 40N
compression force applied through TA texture analyzer probe (1000 X magnification of polarized microscope)
d) The sterilization of prepared candesartan cilexetil microneedle by autoclave showing no growth (left) versus
control (right). Note: Microneedles dissolved, and their traces appeared on the agar gel.
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limitations of 3D printing technology when
designing and producing microneedles, as slight
deformations can impact their functionality and
effectiveness. Hence, the geometry plays an
important role in producing MNAs. Figure 8.
shows the SEM images of the spear and cylindrical
MNA:s.

A desired process produces a better MNA
shape post-treatment using a hot plate. In addition,
proper meshing and printing angles are needed
to reduce shape deformations to a minimum.
Moreover, coating the MNAs with a monolayer
of hyaluronic acid has a positive effect on help
keeping the MNA’s structures undeformed during
the peeling process.

Fabrication of microneedles

The full formation was observed in the
mold presented in Figure 9, A, where the tips of
the microneedles appear pyramidal and pointed, as
this mold was fabricated using the hotplate at 80
C overnight. The height of the tips was analyzed
using ImageJ and was found to be 1064.17+26.99
pm. Figure 9, B shows either broken or long
microneedle tips prepared in the mold fabricated in
an oven at 180 C for 3 hr. Figure 9, C presents an
incomplete formation, and the tips appear curved
as its mold was fabricated using the oven at 80
C overnight. Figure 9, D shows no formation of
microneedles as its mold was fabricated using the
hotplate at 110 C for 1.5 hr. Based on the successful
formation of the designated microneedles in the
mold shown in Figure 9 A, it was considered for
further characterization.

Insertion

The successful candesartan cilexetil
microneedles were obtained from the mold cured
in a hotplate at 80&%C (Figure 9A). Hence, the
designated microneedles were subjected to further
characterization. The essential characterization
test was to prove the microneedles’ ability to
penetrate the skin. In this way, the microneedles
were colored and pressed against the skin of rats,
as illustrated in Figure 10a. The microneedles
successfully penetrated the stratum corneum and
viable epidermis, suggesting strong potential
for transdermal drug delivery via intradermal
microchannels .

Diffusion/Drug release and skin deposition

The diffusion of microneedles of
candesartan cilexetil was conducted in Franz’s

1971

cell. The cumulative diffused drug after 24 h was
found to be 73.36+ 7.29%, whereas the amount
in the skin after it was extracted was found to be
24.36+5.35%. Figure 10b indicates that the drug
was deposited in the skin after 24 hours.
Compression

Compression measures the ability of the
microneedles to bend when exposed to applied
force over surface area. Bending was clear in the
tips (Figure 10c illustrates a polarized microscope
image of the bent tip). The average length of the
microneedle tips was calculated and found to be
1.06414+26.99mm. However, after compression
with 40 N force, the reduction in height was
found to be 0.541mm. Therefore, the reduction in
percentage was 49.00%. It is worth mentioning that
the bend was also noticed in the experiment and
imaging of skin penetration, as observed in Figure
10a.
Sterilization

The autoclave made the gel melt
immediately and thus was deemed unsuitable
as a sterilization technique. However, the UV
lamp showed an adequate noninvasive approach
for sterilization. The microneedles were not
affected. However, water in the agar dish and
the incubator’s warmth led to the melting of
the micro-microneedles. Upon comparison of
the microneedles Petri dish (right) versus the
control Pe-tri dish (Figure 10 d, left panel), it
is clear that no microbial growth was detected
on the microneedles, and thus, it was deemed
more appropriate for the sterilization of the fast
dissolving microneedles. There are contrary reports
on the need to sterilize microneedles. However, it
was decided to sterile the produced microneedle
as the method was deemed noninvasive, rapid, and
effective. The microneedle looks melted due to the
interaction between the microneedle polymer and
water from the agar medium.

DISCUSSION

The present study demonstrated the
feasibility of using Stereolithography (SLA)
3D printing technology to design and fabricate
microneedle arrays with optimized geometries.
To fabricate optimized microneedle arrays using
SLA printing, it is essential to have a proper mesh
in the CAD software to ensure accurate and precise
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geometry. It is also important to note that the master
mold cannot be printed directly; the microneedles
should be printed individually to create a silicon
master mold. Post-treatment of the microneedles
is also necessary to improve their quality, and a
hotplate was found to offer merit over conventional
ovens attributed to the ability of the formed air
bubbles to escape, resulting in a better-quality
product. The interaction between the resin and
PDMS can lead to sticking, which was addressed
by coating the PDMS with a hydrophobic surface
and peeling the mold perpendicular to the surface.
The lifespan of the resin is limited, and continuous
use and proper storage are essential to maintain its
quality.

Furthermore, it should be noted that
the 3D printing process can result in shape
deformations, and different shapes exhibit
varying degrees of deformation. Therefore,
it is crucial to understand the limitations and
potential solutions to the microneedle’s fabrication
process. Despite the limitations of SLA printing
technology for microneedle fabrication, it is still
a potential technique for revolutionizing the field
of microneedle drug delivery systems. Once the
limitations are fully understood and overcome, SLA
printing can provide a cost-effective, customizable,
and scalable method for producing microneedle
arrays with optimized geometries. This would
allow for tailored drug delivery to specific patient
needs and improved precision and accuracy in
clinical applications. With continued advancements
in SLA printing technology and further research
to understand and overcome, the potential for this
technology to impact healthcare and medicine is
immense. In doing so, the microneedles treated in
the hotplate were fabricated from water-soluble
polymers, which are Emprove® 5-88, gantrez s-97,
and PVP K30. Emprove® 5-88 is a high molecular
weight PVA polymer with a degree of hydrolysis
of 88% that can be used in drug delivery. Gantrez
s-97 was reported to improve the stability of MNAs
and enhance the shelf life. PVP was used alone or
with different polymers to treat diseases and skin
conditions like melasma, psoriasis, and rheumatoid
arthritis. The combination of the three polymers
showed nicely formed MNAs, and we could load
CC, aclass II drug, after it was treated with DMSO
and ethanol to enhance its solubility in the mixture.
The mold treated in the hotplate for three hours
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(Figure 10A) produced the optimum MNAs tested
for its ability to penetrate the rats’ skin, as observed
in Figure 10 a.

Furthermore, although the drug is poorly
soluble in water, the technology of dissolving
microneedles enabled it to release over 76% of
the loaded amount. The release fits the Korsmeyer-
Peppas model most since it has the highest r? value.
The remaining amount in the skin necessitates
adding chemicals or physical aid to enhance the full
diffusion of the drug so it will not accumulate on
the skin and lead to skin irritation over chronic use,
as CC is typically prescribed for chronic diseases.
The sterility of MNAs is a factor considered in this
study, as the MNAs were assumed to penetrate the
skin and thus may be a source of contamination.
Our results showed that UV lamp sterilization was
adequate to sterile the MNAs, and as such, they can
be safely employed in the treatment.

The results obtained from the mold design
using 3D printing technologies and the fabrication
of CC-loaded MNAs show potential in continuing
the research in this field and employing those
technologies in transdermal drug delivery.

CONCLUSION

This study presents a comprehensive
evaluation of candesartan polymeric microneedle
arrays prepared using a 3D fused deposition
technique, demonstrating its efficacy in addressing
key challenges such as avoiding shear force during
mold peeling which is critical for fabricating high-
quality arrays. Through rigorous experimental
analysis and comparative performance assessments,
the proposed approach has proven to enhance
candesartan cilexetil microneedles preparation,
outperforming existing state-of-the-art methods.
The findings underscore the potential of this
framework to contribute significantly to biomedical
engineering, drug delivery, dermatology, and
materials science, offering practical implications
for real-world deployment and further research.
Future work may explore the integration of the
prepared MNs for human treatment and apply it
on human to further advance the capabilities and
robustness of the proposed methodology. Overall,
this study lays a solid foundation for ongoing
innovation in drug delivery, fostering more
intelligent, efficient, and adaptable solutions.
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