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ARTICLE INFO ABSTRACT

Keywords: Nicotinamide mononucleotide (NMN) is recognized for its potential in resisting age-related diseases, metabolic
Nicotinamide mononucleotide disorders, and neurodegenerative conditions. However, challenges persevere in ensuring NMN’s stability,
Liposome

bioavailability, and efficient delivery to target tissues. This study targeted to overcome these challenges by
preparing NMN-loaded liposomes using a Taylor-Couette reactor, a novel approach offering precise control over
flow conditions and enhancing reproducibility and scalability. The average size of liposomes decreased from
184.9 nm to 125.2 nm as the rotation speed increased from 600 to 1500 rpm. Based on average zeta potential
values, stable liposomes were prepared at 750-1500 rpm. These liposomes were preserved more than 80 % for
180 days. Ex vivo tests using Franz cell diffusion confirmed the efficiency of NMN-loaded liposomes in perme-
ating the skin. The cumulative release percentage of liposomes over porcine skin was 96.8 % in 12 h. Overall, this
study proposes valuable intuitions into the preparation and depiction of NMN-loaded liposomes using novel

Taylor-Couette reactor

approaches, offering auspicious prospects for biomedical applications.

1. Introduction

Nicotinamide mononucleotide (NMN), as a precursor to nicotin-
amide adenine dinucleotide (NAD™), is gaining importance due to its
physiological functions within the body. [1,2] NAD" plays crucial roles
in energy metabolism, DNA repair, gene expression regulation, and
cellular signaling pathways. [3]Recently, low NAD™ levels were linked
to multiple disease states, including metabolic and neurodegenerative
diseases. Lower NAD" levels are now also known to correlate with
ageing in rodents and humans. [4-6] NMN can be converted into NAD"
through the action of nicotinamide mononucleotide adenylyl trans-
ferase. [7] Research has shown that NMN supplement can increase
cellular NAD™ levels, thus potentially justifying age-related decay in
physiological functions and promoting overall health span. [2] NMN
supplementation upregulates the expression of platelet-derived growth
factor receptor beta and other genes involved in muscle remodeling. As a
result, NMN enhances muscle insulin sensitivity, insulin signaling, and
remodeling in overweight or obese women with prediabetes. [8] Fig. 1
(a) illustrates the role of NMN upon entering the body and its function
within the plasma membrane. Moreover, NMN has demonstrated effects
in various preclinical studies, including enhancing mitochondrial func-
tion, improving insulin sensitivity, and protecting against age-related
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cognitive decline. [4,9].

NMN can be synthesized by converting nicotinamide (NAM) with the
assistance of nicotinamide phosphoribosyltransferase (NAMPT) through
the salvage pathway. Recombinant Escherichia coli strains, modified to
include the NAMPT gene along with phosphoribosyl pyrophosphate
synthetase 1 (PRPS1) and PRPS2 (from Homo sapiens) genes, enhanced
NMN production. The metabolically engineered E. coli BL21(DE3) strain
has the capability for intracellular NMN production from inexpensive
substrates such as glucose, lactose, and NAM. The BL21(DE3) strain
produced a maximum concentration of 2.31 mM NMN during batch
fermentation when supplemented with 1 % ribose, 1 mM Mg?*, 1 mM
phosphate, 1 % lactose as an inducer, and 0.5 % nicotinamide. [10]
Genetically modified E. coli can be grown using either batch or fed-batch
methods. To achieve high NMN productivity, studies using the fed-batch
method have been mainly conducted. Various fed-batch feeding strate-
gies include linear feeding, exponential feeding of the co-substrate
(glucose) and continuous feeding of the substrate (NAM), and pH-stat
glucose feeding and continuous feeding of NAM. [11-13] Currently,
NMN production via pH-stat fed-batch fermentation demonstrated the
highest productivity at 1.13 g/L/h. The NMN produced was purified
using size exclusion chromatography. [13]

Despite the growing interest in NMN, challenges continue about its
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bioavailability, stability, and delivery to target tissues. Bioavailability
refers to the extent to which NMN is administered through dermal
administration, reaches the dermal layer, and is reliably delivered to the
capillaries, where it can be converted to NAD™. [14,15] The main issue
with currently available oral NMN capsules is that they are primarily
metabolized in the stomach and liver, leading to their excretion as NAM.
To address this, our research aims to stabilize the molecular structure of
NMN through liposomal formulation and utilize transdermal delivery
for effective administration. Liposomes, nano-sized lipid vesicles,
represent a versatile platform in drug delivery owing to their ability to
encapsulate both hydrophilic and hydrophobic compounds. [16]
Through transdermal delivery, NMN is expected to be directly absorbed
into the bloodstream, enhancing its bioavailability and reducing losses
during the metabolic process. [17] In addition, to reach the dermal
layer, NMN must pass through the stratum corneum and epidermis.

(a)
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Since NMN is a highly hydrophilic substance making it difficult to pass
through the stratum corneum and epidermis to reach the dermal layer,
we aimed to encapsulate NMN in a phospholipid bilayer. [18]

The purity of NMN was reported to decrease to 65.7 % when stored at
25°C for 30 days, raising concerns about its stability. [19] The mecha-
nism of NMN degradation as it reacts with water in aqueous solution can
be observed in Fig. 1(b). In response to these challenges, we have opted
for the adoption of liposomes as a resolution, specifically for their po-
tential in providing physicochemical stabilization. However, NMN’s
strong hydrophilic nature complicates its encapsulation using conven-
tional methods, such as thin-film hydration, reverse-phase evaporation,
or extrusion, exacerbating issues related to liposome formation. More-
over, conventional methods often produce liposomes with insufficient
size uniformity needed for precise control of drug delivery rates, and the
use of organic solvents in liposome preparation tends to leave residual
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Fig. 1. (a) Effects of NMN in various sites within the body, (b) mechanism of NMN decomposition into NAM in solution, (c) schematic diagram of Taylor-Couette

reactor. [83].
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solvents that can pose toxicity risks and degrade active ingredients.
[20-22] Consequently, the scalability and stability of liposome pro-
duction processes are compromised, impeding their extensive adoption
in industrial and point-of-care applications. This limitation underscores
the need for novel approaches to overcome the shortcomings of tradi-
tional liposome formation techniques.

In this context, this study aims to investigate the production of NMN-
loaded liposomes using a Taylor-Couette reactor (TCR), aiming to
improve NMN delivery efficiency and bioavailability. TCR is a distinct
type of reactor that utilizes the Taylor-Couette flow phenomenon. [23]
This reactor consists of a cylindrical shell with a rotating inner cylinder,
creating an annular gap where various flow regimes can be formed.
Fig. 1(c) depicts a schematic diagram of the apparatus used in this
experiment. The mixing conditions within TCR can be adjusted inde-
pendently from the axial flow by changing the rotational speed of the
cylinders and the reactor’s geometry. [24] This flexibility allows for
tailored flow conditions, ranging from high shear forces for mixing and
dispersing to high flow segregation resulting in plug-flow behavior.
Firstly, it provides a precisely controlled environment, enhancing
reproducibility and scalability. The controlled flow conditions ease
uniform mixing and dispersion of NMN within the lipid bilayers,
resulting in liposomes with improved encapsulation efficiency. Encap-
sulation efficiency can be defined as the amount of drug loaded inside
and outside the phospholipid bilayer of liposomes. [25,26] Additionally,
the unique flow patterns enable efficient interaction between the NMN
solution and lipid components, promoting rapid and uniform encapsu-
lation. In using a TCR, fluid flow and shear forces can be finely tuned,
enabling the production of uniform and stable liposomes, thus
addressing the structural instability of NMN and preventing its degra-
dation into NAM. [27] Moreover, uniform and small-sized particles
enhance skin permeability, facilitating NMN’s penetration into the
dermal layer and potentially distributing its anti-aging effects and other
physiological benefits throughout the body. The reactor’s versatility
allows for optimization of flow conditions to achieve desired liposome
characteristics. TCR presents a promising approach to overcome limi-
tations in liposome preparation for NMN delivery. Producing NMN-
loaded liposomes using TCR is simpler than conventional methods,
making large-scale production easier.

The prepared NMN-loaded liposomes were characterized for their
physicochemical properties and ex vivo pig skin penetration test using
Franz cell diffusion, laying the foundation for potential biomedical ap-
plications. Overall, understanding the production and characterization
of NMN-loaded liposomes can contribute to the development of novel
delivery systems for NMN, thereby advancing its therapeutic potential in
various health conditions. This study is the first report proposing a
method for preparing NMN-loaded liposomes using TCR.

2. Materials and methods
2.1. Chemicals

NMN (CAS No. 1094-61-7, 99.97 %) was obtained from EffePharm
Co., China. Phosphatidylcholine (CAS No. 97281-47-5, 75 %, Soya SPL
75H) was sourced from Neuropid, Korea. [28] Octanoic acid (CAS No.
124-07-2) was acquired from Earthborn, Germany. Alkyl polyglucoside
(CAS No. 68515-73-1, TRITON™ CG-110) was obtained from Sigma-
Aldrich. PBS 01 buffer (pH 7.4) was obtained from SolBio Corp., Korea.

2.2. Materials

The Franz cell membrane (porcine skin, 2 cm x 2 cm x 400 pm) was
bought from Apures, Korea. A standard jacketed Franz cell (8 mL) was
sourced from BNC Tech, Seoul, Korea. Polytetrafluoroethylene cylin-
drical magnetic bar (28 x 8 mm, 8 x 3 mm) was obtained from Cowie,
UK.
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2.3. Equipment

The Taylor-Couette reactor (LCTR®-Lab II) used in this study was
supplied by Laminar, Korea. The volume of the TCR used in this
experiment is 200 mL, with an outer cylinder diameter of 60 mm and a
rotating inner cylinder diameter of 50 mm.

2.4. Preparation of liposome using TCR

To prepare liposomes, powdered phosphatidylcholine (6.0 g), which
acts as the phospholipid bilayer and a lipophilic surfactant, was dis-
solved in 1 mL of octanoic acid and heated to 65°C. Concurrently,
distilled water and octanoic acid were also heated to 65°C. Following
this, 2 g of NMN was dissolved in 30 mL of the heated distilled water.
[29] In a 200 mL TCR, the lecithin-octanoic acid mixture, 1 mL of alkyl
polyglucoside, octanoic acid (20 mL), and 5 min of reaction time were
employed to ensure proper dispersion of hydrophilic surfactants, such as
phosphatidylcholine, on the oil phase. [30,31] Subsequently, the
aqueous phase containing dissolved NMN was added to the reaction
vessel, forming a water-in-oil (W/0) emulsion. Following a 30-min in-
cubation period, 148 mL of distilled water was introduced to the W/O
emulsion, creating a water-in-oil-in-water (W/0O/W) emulsion. [30,32]
The reaction vessel was maintained at 65°C for 3 h while subjecting the
mixture to various rotational speeds to facilitate liposome formation.
Sampling was conducted every 0.5 h to observe the difference in lipo-
some particle size over time at 1000 rpm and 1500 rpm.

2.5. Preparation of liposome using flask

To evaluate the liposome production capability influenced by the
strong shear stress of TCR, liposomes were prepared in a flask for
comparative analysis. The procedure is as follows: First, 6.0 g of
powdered phosphatidylcholine was dissolved in 1 mL of octanoic acid
and heated to 65°C. Simultaneously, distilled water and octanoic acid
were also heated to the same temperature. Next, 2 g of NMN was dis-
solved in 30 mL of the heated distilled water. [29] In a 250 mL flask, the
lecithin-octanoic acid mixture was combined with 1 mL of alkyl poly-
glucoside and 20 mL of octanoic acid, allowing for 5 min to ensure
adequate dispersion of hydrophilic surfactants, such as phosphatidyl-
choline, within the oil phase. Following this, the aqueous phase con-
taining the dissolved NMN was added to the flask, resulting in the
formation of a W/O emulsion. [30,31] After a 30-min incubation, 148
mL of distilled water was introduced to the W/O emulsion, yielding a W/
O/W emulsion. [30,32] The flask was maintained at 65°C for 3 h while
subjecting the mixture to various rotational speeds to facilitate liposome
formation.

2.6. Verification of the stability of NMN-loaded liposomes

To observe NMN in aqueous solution and liposomes produced at
various rpm through TCR, samples were stored at room temperature for
30 days. Subsequently, samples were analyzed by HPLC. This experi-
ment was performed in triplicate. The percentage of remaining NMN
was calculated as:

__Amount of NMN in solution after 30 days

= 1
Amount of NMN in solution before storing x 100

Remaining NMN(%)

2.7. Ex vivo test of NMN-loaded liposomes using Franz cell diffusion
method

To assess the release of NMN from liposomes prepared using a TCR at
1000 rpm, 1.5 mL of a 1 % liposomal dispersion solution of NMN was
added to the donor compartment of an 8 mL Franz cell diffusion device.
The Franz cell held prepared PBS buffer and a porcine skin membrane
serving as the biological barrier. A pig skin membrane was carefully
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positioned between the donor and acceptor compartments of the Franz
cell. The temperature was maintained at 37 + 0.5°C, and the rotation
speed was set to 300 rpm using a magnetic stirrer. [33] Sampling of the
PBS solution containing released NMN was conducted at specific time
intervals, with 1 mL samples collected and replaced with fresh medium
each time to maintain volume consistency. Sampling was performed
through the side arm of the cell using a long syringe. All procedural steps
were executed under sterile conditions to prevent contamination and
ensure the integrity of the experiment. [34]

2.8. Analytical methods

All samples underwent analysis using high-performance liquid
chromatography (HPLC) performed on a YL 9100 system (Younglin Inc.,
Korea). Prior to analysis, all solutions were filtered using a 0.22 pm
membrane. NMN concentration was quantified using an Optima Pak
C18 column (250 x 10 mm, RS Tech, Korea) at a column temperature of
20°C. Isocratic elution was performed using a mobile phase consisting of
acetonitrile (10 %, v/v) and water (90 %, v/v) at a flow rate of 1.0 mL/
min. The NMN peak was detected at 260 nm using a UV-vis detector.
[27,35] The zeta potential and particle size were measured using a Nano
Particle Tracking Analyzer model PMX 430, manufactured by Particle
Metrix, Korea. Cryo-transmission electron microscopy (Cryo-TEM) was
performed using a model Krios G4 Cryo-TEM from Thermo Fisher Sci-
entific. The UV-vis spectrophotometer used for turbidity analysis is the
Mega-U600 (Scinco, Korea).

2.9. Statistical analysis of experimental data

To derive meaningful differences from the experimental data, an F-
test was conducted to assess the equality of variances. Based on the
resulting F-value, if (p < 0.05), a two-sample t-test for unequal variances
was performed; conversely, if (p > 0.05), a two-sample t-test for equal
variances was employed. Statistical significance was determined with (p
< 0.05) indicating a statistically significant difference, while (p > 0.05)
suggested no significant difference. This rigorous statistical analysis was
carried out in accordance with established methodologies in the litera-
ture, ensuring the reliability and validity of our findings. [36,37]

3. Results and discussion
3.1. Computational fluid dynamics (CFD) simulation of TCR

The governing incompressible continuity and momentum equations
(Navier-Stokes equation) are:

Veu=0
p(U+(ueViu)= —Vp+Ve (u(Vu+Vu') ) +F

where u, p, p, and v denote velocity, density, pressure, and kinematic
viscosity of the fluid, respectively. [38]
For boundary coefficient and azimuthal velocity of flow,
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where r and 6 represent radial and azimuthal directions of the cylin-
drical coordinate system, respectively. The angular velocity of the inner
cylinder is denoted by w; the inner and outer radius are represented by r;
and r,, respectively. It should be noted that equation (1) is the solution
under the idealization of infinitely long cylinders where endwall effects
are ignored; this solution is not realized exactly in an physical experi-
ment or simulation that include endwall effects. [39,40] Boundary
condition is up = O for every wall except inner cylinder wall.

When inputting into the CFD provided by the MATLAB app FEATool
Multiphysics v1.16 (https://www.featool.com), it is possible to
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determine the fluid flow inside the TCR and the resulting shear stress.
The input constants are as follows: the density and viscosity are
measured to be 1.0289 g/cm® and 0.798 cP, respectively, and the
angular velocities for each rpm are shown in Table 1.

Fig. 2(a) shows the velocity field of the symmetrical flow as a func-
tion of rpm. This figure illustrates when the Taylor-Couette flow begins
to form at different rpm values. The left side of each figure represents the
rotating inner cylinder, while the right side represents the stationary
outer cylinder. [41-43] To prepare NMN-loaded liposomes, it is essen-
tial to eliminate the interface between polar NMN solution and non-
polar octanoic acid to form a single phase. This process requires well-
dispersed surfactants and strong shear forces. In a TCR, toroidal
vortices enhance radial mixing, preventing phase segregation and
coagulation, while facilitating strong shear stress and efficient material
transfer in all axial directions. [44] This results in uniform and consis-
tent liposomes. Phosphatidylcholine disperses, allowing the lipophilic
portion to combine with octanoic acid, while the hydrophilic portion
interacts with NMN solution, leading to stability. Up to 600 rpm, fluid
flow occurs only in the vicinity of the inner cylinder, leading to a con-
centration of shear stress at the end of the cylinder where fluid velocity
at the wall is zero. At 650 rpm, perpendicular flow to the axis begins to
emerge. At 700 rpm, the Taylor-Couette flow further develops, accom-
panied by a decrease in the number of Taylor vortices. Beyond 750 rpm,
the flow stays in the Taylor-Couette regime, with an increase in shear
stress inside as the rpm rises, and a tendency for the number of Taylor
vortices to decrease. At 750 rpm, there were 22 rings, which decreased
to 19 rings at 1500 rpm. Additionally, in the velocity field, the red areas
indicate higher speeds, while the gradually decreasing blue areas
represent lower speeds. This observation suggests that as the rotational
speed increases, the flow velocity of the fluid also increases, leading to
faster and more vigorous mixing of the oil and aqueous phases. Fig. 2(b)
presents the shear stress field of the symmetrical flow as a function of
rpm. This figure shows how the forces are applied within the TCR
depending on the rpm. Near the left side of the figure, which corre-
sponds to the rotating inner cylinder, small shear stresses occur, while
larger shear stresses are observed at the right side, where the stationary
outer cylinder is located, indicating a tendency for the fluid to flow from
the outside to the inside. [45] Similarly, at 600 rpm, the pressure re-
mains constant in the z-axis direction, but it begins to change shape
starting from 650 rpm due to the Taylor-Couette flow. At 700 rpm, a
developed pressure field is observed, albeit weakly. By 750 rpm, the
pressure field is fully developed. As the rpm increases, the pressure
difference also increases, indicating that the fluid is mixed more rapidly
and vigorously. [46] The strong shear stress within the fluid eases rapid
and uniform formation of liposomes, enhancing encapsulation efficiency
compared to conventional methods. Moreover, stable liposomes
contribute to maintaining the stability of NMN molecules inside the
liposome in an otherwise unstable aqueous environment.

The Taylor number (Ta) is a dimensionless number that is used to
characterize the flow regime in rotating systems. It is defined as the ratio
of inertial forces to viscous forces and is a critical parameter in deter-
mining the flow. Ta is expressed as:

‘ 1/2
o (299

where d represents the width between the inner and outer cylinders. If
the rpm increases excessively, resulting in the size of the vortex
becoming smaller than d, the flow of the fluid will become unstable. In

Table 1

Conversion of angular velocity (w) and Taylor number (Ta) with respect to rpm.
rpm 600 650 700 750 1000 1500
w (rad/s) 62.832 68.068 73.304 78.540 104.72 150.08
Ta 4401.5 4768.3 5135.1 5501.9 7335.9 10513
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Fig. 2. Taylor-Couette reactor modeled with CFD. (a) velocity field (m/s), (b) shear stress field (Pa).
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the context of turbulent vortex flow, this instability leads to the cessa-
tion of vortex formation, and the fluid flow transitions into a state of
turbulent flow. This transition is significant because it has direct im-
plications for the behavior of the fluid, particularly in processes that rely
on the formation of structures such as liposomes. The formation of li-
posomes is highly sensitive to the conditions of the fluid environment,
including shear stress. Kataoka et al. [47] showed when shear stress
decreases due to the transition to turbulent flow, the ability of the fluid
to facilitate the proper assembly of lipids into liposomes is compro-
mised. This can result in lower yields of liposome formation or the
production of liposomes with undesirable characteristics, such as size or
stability issues. [48] Specifically, a Taylor number greater than 15,000 is
typically indicative of turbulent flow conditions. In the context of this
experiment, the maximum rpm of 1500 results in a Ta of 10,513. This
value suggests that the flow is still within the turbulent vortex flow
regime, but it is approaching the threshold where turbulence may
become more pronounced. The transition from turbulent vortex flow to
turbulent flow, driven by excessive rpm and reduced vortex size, can
have significant consequences for processes reliant on specific fluid
behaviors. [47]

3.2. Characterization of NMN-loaded liposomes prepared using TCR

The difference between liposomes prepared using TCR and those
produced via magnetic stirring in flasks can be visually compared in
Fig. 3(a). The color of the dispersion solution shows how well the hy-
drophilic surfactant, phosphatidylcholine, has been emulsified. A darker
color suggests inadequate emulsification of phosphatidylcholine, while
a lighter color shows stable emulsification. Liposomes produced in flasks
under the same rpms but with the use of a magnetic stirrer show a darker
color in the dispersion solution, indicating inadequate emulsification of
phosphatidylcholine. At 600 rpm and 650 rpm, phosphatidylcholine
aggregated due to inadequate shear force. Despite repeated experi-
ments, phosphatidylcholine continued to aggregate and become isolated
in the reactor. From 700 rpm onwards, isolated phosphatidylcholine was
not observed in the reactor. Nevertheless, compared to liposomes pre-
pared in flasks, those produced in the reactor show a lighter color,
indicating greater stability. From 750 rpm onwards, the Taylor-Couette
flow fully develops, forming stable liposomes, as shown by the lighter
color of the dispersion solution.

To analyze the trends observed visually in more detail, turbidity
analysis was conducted, and the results are shown in Fig. 3(b). A higher
turbidity indicates that emulsification occurred more stably. [49]
Therefore, optical density (OD) at 600 nm was measured using a UV-vis
spectrophotometer. As a result, both liposomes created in the flask and
those made with TCR showed an increasing trend in turbidity as the rpm
increased. As confirmed by CFD, at 600 rpm, where axial flow is the
main flow, the OD was lower than that of the flask.

However, starting from 650 rpm, where Taylor-Couette flow begins
to form, the OD in TCR was higher. This indicates that the formation of
Taylor-Couette flow leads to the fluid rotating at a high speed, resulting
in shear stress that initiates the formation of liposomes. At 700 rpm,
where Taylor-Couette flow is fully developed according to CFD, the OD
in the flask differs by more than six times. Therefore, while the OD in-
creases with rising rpm in both the flask and TCR, the OD in TCR shows a
sharp increase between 650 rpm and 700 rpm, which is attributed to the
formation of Taylor-Couette flow.

Cryo-TEM is a powerful tool for understanding the morphology and
structure of amphiphilic molecules, particularly liposomes, as well as
their interactions with surfactants in aqueous solutions. [50] These
images were captured to confirm the shape and bilayer structure of li-
posomes, with the results presented in Fig. 4. [51] First, examining the
shape of the particles created at 600 rpm where Taylor-Couette flow was
not formed, the particles are large and contain smaller particles within
them, indicating that complete liposomes were not formed. This struc-
ture resembles a W/O/W emulsion rather than the desired vesicle form.

Chemical Engineering Journal 504 (2025) 158703

TCR Flask TCR
600 rpm 600 rpm 650 rpm | 650 rpm

Flask TCR Flask
700 rpm 700 rpm

TCR Flask TCR Flask TCR Flask
750 rpm 750 rpm 1000 rpm 1000 rpm 1500 rpm 1500 rpm

—_— Js«;, js/-'
300
[ Flask
250 TCR| _
200 - B
£
= I
S 150 B
3
100 -
50 -
,Jm_ il il I D
600 650 700 750 1000 1500
rpm

Fig. 3. Comparison of liposomes produced using TCR and flask according to
rpm change. (a) visual image, (b) turbidity (optical density at 600 nm).

Such a structure is highly unstable, leading to particle collapse, and the
large size of the particles prevents them from passing through the stra-
tum corneum and epidermis, making drug delivery through the skin
difficult. In the Cryo-TEM images at 650 rpm, the particles appear to be
clustered together rather than separated. This state results from attrac-
tive forces between the particles, causing them to aggregate. This
appearance is not only unstable but also fails to structurally stabilize
NMN. At 700 rpm, the particle size becomes relatively smaller, and the
aggregation phenomenon disappears; however, the particles are not
round and show an uneven shape. It is still evident that a W/O/W
emulsion form is maintained. Non-uniform particles lead to an incon-
sistent water phase space within the liposomes, resulting in decreased
encapsulation efficiency. [20] From 750 rpm onwards, particle aggre-
gation is prevented, allowing for the stable formation of liposomes.
Notably, at 1000 rpm and 1500 rpm, the uniformity of the particles
improved compared to 750 rpm, indicating that liposomes were formed
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Fig. 4. Liposome loaded with NMN prepared by TCR observed with the Cryo-TEM. (a) 600 rpm, (b) 650 rpm, (c) 700 rpm, (d) 750 rpm, (e) 1000 rpm, (f) 1500 rpm.

(a)-(d) 47000x, (e), (f) 65000x.

in a vesicle shape rather than a W/O/W emulsion. These images confirm
the bilayer structures of the liposomes. This structure, due to its small
particle size, can pass through the stratum corneum and epidermis.
Additionally, the consistent size ensures high encapsulation efficiency,
which allows NMN to be encapsulated in liposomes for stabilization.
Since the particles are all separated, they can be stored stably at room
temperature without aggregation. [52] Under the same rpm, when
comparing liposomes produced in a magnetic stirrer, the differences
become even more pronounced. Fig. 5 shows the Cryo-TEM images of
liposomes produced in a flask. The liposomes produced at 600 rpm are
irregularly shaped, non-uniform, and large. They also appear to be

merged or on the verge of merging, indicating that they are not stable
liposomes. When the size of the liposome particles increases, they
cannot pass through the stratum corneum and epidermis, remaining on
the surface of the skin. Additionally, if the particles merge and increase
in size, the loaded NMN cannot be stored stably. The liposomes pro-
duced at 650 rpm also exceed 1 pm in size, making it difficult for them to
penetrate the skin barrier and reach the dermis layer. Furthermore, their
shapes are not round, indicating instability. At 700 rpm and 750 rpm,
the shapes become relatively round, but they are still large and incon-
sistent, resulting in lower efficacy compared to liposomes made with
TCR. At 1000 rpm, smaller liposomes are observed, but unstable large
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Fig. 5. Liposome loaded with NMN prepared by flask observed with the Cryo-TEM. (a) 600 rpm, (b) 650 rpm, (c) 700 rpm, (d) 750 rpm, (e) 1000 rpm, (f) 1500 rpm.

(a)-(f) 47000x.

lamellar vesicles still dominate.

Gonzalez et al. [44] compared the synthesis of high solids acrylic
pressure-sensitive adhesives using emulsion polymerization in both TCR
and a continuous stirred tank reactor (CSTR). The results showed that
TCR achieved higher conversion rates and narrower particle size dis-
tributions than CSTR. Additionally, the study demonstrated that TCR is
suitable for synthesizing flocculants via inverse microemulsion poly-
merization. [44] Wei et al. [53] found that by varying the Taylor
number, steady-state monomer conversion and particle number could be
controlled within two limits corresponding to ideal plug flow reactor

(PFR) and CSTR simply by changing the rotational speed of the inner
cylinder. Another significant characteristic of TCR is its ability to
maintain very stable long-term operation without shear-induced coag-
ulation or polymer deposition on the inner and outer cylinder surfaces.
[53] The utilization of a TCR offers several advantages over conven-
tional methods for liposome production. Controlling the speed of the
inner cylinder allows for both the PFR to achieve high yields and the
CSTR to provide uniform synthesis.

In the study by Varona et al. [54], liposomes were created using the
thin-film hydration method and the particles from gas-saturated
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solutions (PGSS) method. The particle sizes obtained from the thin-film
method ranged from 0.4 to 1.3 pm, while the PGSS process yielded
particles in the range of 1.4 to 24.8 pm. Additionally, liposomes pro-
duced by both methods exhibited multivesicular and multilamellar
structures. Bridson et al. [55] developed liposomes using a modified
compressed carbon dioxide solvent system. Their investigation focused
on two methods for producing liposomes using compressed carbon di-
oxide in either its liquid or supercritical state as potential alternatives to
conventional techniques. The first technique employed modified com-
pressed carbon dioxide as a solvent system, examining how changes in
pressure, temperature, apparatus geometry, and solvent flow rate
affected the size distributions of the formulations. Generally, liposomes
in the nano-size range with an average diameter of 200 nm could be
produced, although some micro-sized vesicles were also present. The
second method utilized compressed carbon dioxide as an antisolvent to
promote uniform precipitation of phospholipids from concentrated
ethanolic solutions, resulting in finely divided solvent-free phospholipid
powders of saturated lipids that were subsequently hydrated to produce
liposomes with mean volume diameters of around 5 pm. A clinical trial
conducted by Davis et al. [56] demonstrated that liposomal encapsula-
tion resulted in an almost 50 % increase in circulating vitamin C levels.
In a separate study, Telange et al. [57] showed that liposomes signifi-
cantly enhanced the delivery of apigenin over a 24-h period compared to
a pure suspension. Similarly, Ye et al. [58] utilized liposomes to deliver
NADH in mouse models, achieving a 25 % increase in the cellular
NAD'/NADH ratio, thereby improving therapeutic efficacy in sepsis.
These findings, along with numerous other studies [59,60], underscore
the remarkable versatility and efficiency of liposomes as drug carriers.
This versatility arises from their capacity to encapsulate both water-
soluble and fat-soluble molecules, which enhances stability and
bioavailability. [61] Such characteristics position liposomes as a pivotal
component in modern drug delivery systems, facilitating improved
therapeutic outcomes. [62] In a recent study, Yu et al. [63] prepared a
food-grade Pickering emulsion stabilizer by physically adsorbing the
cationic surfactant ethyl lauroyl arginate onto the surface of nano-
montmorillonite. This process resulted in an emulsion with an average
droplet size of 1.0 pm. [63] Yu et al. [64] demonstrated that emulsified
solid particles at the oil-water interface are crucial for stabilizing
Pickering emulsions by preventing oil droplet coalescence. They used
cellulose nanofibers (CNFs) as a low-cost stabilizer and dissolved NMN
in sunflower oil, which enhanced emulsion stability. [64] To facilitate
the oral delivery of NMN, researchers investigated the use of food pro-
teins, specifically soy protein isolate (SPI) and whey protein isolate
(WPI). Li et al. [65] explored the potential of SPI and NMN complexes as
pH-responsive stabilizers for Pickering emulsions. [65] Additionally, Li
et al. [66] demonstrated that the complexation of NMN with WPI via
hydrogen bonds strengthens fish oil Pickering emulsions, creating a
robust network that is resilient to varying pH conditions. [66]

At higher rpm (1000 rpm and 1500 rpm), the liposomes created
using the TCR showed improved characteristics compared to previous
studies. They exhibited smaller sizes and maintained particle separation,
which enhanced their stability. Furthermore, while traditional methods
require various materials such as compressed gas solvents and anti-
solvents and involve complex processes for liposome synthesis, utilizing
TCR allows for the synthesis of high-quality liposomes in a single step,
making it a valuable approach. This efficiency not only simplifies the
production process but also contributes to the overall effectiveness of
drug delivery systems. Overall, the advancements in liposome produc-
tion techniques, particularly through TCR, highlight the potential for
improved drug delivery applications, ensuring better stability and
encapsulation efficiency, which are crucial for therapeutic effectiveness.

3.3. Zeta potential and size of NMN-loaded liposomes produced using
TCR

Zeta potential is defined as the electrical potential at the slipping
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plane of a colloidal nanoparticle, which is the boundary layer where the
particle’s surface charge influences the movement of surrounding ions.
When a colloidal particle is dispersed in a liquid, it acquires a surface
charge due to various factors, including ion adsorption, dissociation of
surface groups, or the presence of surfactants. This surface charge at-
tracts counter-ions of opposite charge from the surrounding medium,
forming a tightly bound layer known as the Stern layer. Beyond this
layer lies a diffuse layer of counter-ions, which balances the remaining
surface charge of the particle. The zeta potential is a crucial parameter
because it reflects the balance between attractive and repulsive forces
acting on the particles. A high absolute value of zeta potential (either
positive or negative) indicates strong electrostatic repulsion between
particles, which helps to prevent aggregation. Conversely, a low zeta
potential suggests that the repulsive forces are weak, leading to a higher
likelihood of particle agglomeration. [67] The equipment used for this
analysis was the conversion of measured electrophoretic mobility into
zeta potential according to the Smoluchowski equation. [68]

Fig. 6 shows zeta potential data according to the change in rpm. The
presence of phosphatidylcholine in the lipid bilayer of liposomes con-
tributes to their negative charge. At higher rpm, phosphatidylcholine
disperses more effectively, leading to the formation of more liposomes
and resulting in a stronger negative charge. [69] As shown in the CFD
analysis, at 600 rpm and 650 rpm where Taylor-Couette flow is not
properly formed, the average zeta potential values were —17.91 + 6.13
mV and —18.72 + 7.73 mV, respectively. Additionally, the zeta poten-
tial values at 600 rpm and 650 rpm, where stable Taylor-Couette flow
was not established, showed no statistically significant difference. (p >
0.05) At 700 rpm, where Taylor-Couette flow begins to be observed in
the CFD simulation, the average zeta potential was —28.06 + 9.03 mV.
This value indicates that there was a significant difference in the zeta
potential values before the formation of Taylor-Couette flow (p < 0.05).
These values show negative charges on the particle surfaces, but the
absolute value of the charge is lower than the critical value of —30 mV
necessary for stable emulsification, suggesting inadequate stabilization.
From 750 rpm to 1000 rpm and 1500 rpm, where Taylor-Couette flow is
fully developed according to the CFD results, the average zeta potential
values were —38.66 £ 7.41 mV, —38.10 4+ 9.08 mV, and —40.13 =10.9
mV, respectively (Table 2). These values showed a statistically signifi-
cant difference compared to the values at 700 rpm, where Taylor-
Couette flow was not fully developed (p < 0.05). While there was no
statistically significant difference in zeta potential between 750 rpm and
1000 rpm (p > 0.05), there was a significant difference when compared
to the zeta potential at 1500 rpm (p < 0.05). These findings indicate that
inter-particle repulsion forces are acting, ensuring stable emulsification.
The particle size of the prepared liposome was also figured out according
to the change in rpm (Fig. 7). Optimal particle size ranges from 120 nm
to 160 nm; particles too small may not encapsulate NMN effectively,
while those too large may not penetrate the skin’s epidermal layer. As
seen in the CFD analysis, increasing rpm results in higher fluid shear
stress. Fig. 6 illustrates that with increasing rpm, more negative charge is
applied, leading to stronger repulsion between particles and thus
enhanced stability.

Holsaeter et al. [70] conducted an analysis of zeta potential after
preparing liposomes with different chain lengths of polyethylene glycols
(PEGS). The results indicated that PEG750, which had a higher absolute
value of zeta potential, showed significantly less change in liposome size
after 4 weeks compared to PEG2000. Similarly, the change in Docetaxel
entrapment was also less with PEG750, demonstrating greater stability.
[70] Therefore, a higher absolute value of zeta potential indicates that
the liposomes formed are stable and less likely to aggregate.

Furthermore, Fig. 7 and Fig. 8(a) show that increasing rpm correlates
with decreasing average particle size and dispersion (standard devia-
tion), resulting in the production of more consistent and suitable lipo-
some particles. The size distribution was analyzed according to the
Stokes-Einstein formula. [71,72] Uniformity in liposome size is also
crucial. At 600 rpm, the liposome size measures 185 + 109 nm, showing
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Fig. 6. Zeta potential according to rpm change. (a) 600 rpm, (b) 650 rpm, (c) 700 rpm, (d) 750 rpm, (e) 1000 rpm, (f) 1500 rpm.

Table 2

Zeta potential according to rpm change. a-e: different letters indicate significant differences (p < 0.05).

rpm

600

650

750

1000

Zeta potential(mV)

-17.91 £ 6.13°

-18.72 +£7.73 %

—28.06 + 9.03°

—38.66 + 7.41¢

—38.10 + 9.08°

large and non-uniform particles due to the absence of Taylor-Couette
flow formation inside the TCR. This is clear from the CFD analysis. At
650 rpm, the liposome size decreases to 162 + 84.7 nm, showing a

decrease in both size and standard deviation with increasing rpm. This
indicates a statistically significant difference compared to the values at
600 rpm. Although the Taylor-Couette flow is formed at 700 rpm in the
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Fig. 7. Size of particles according to rpm change. (a) 600 rpm, (b) 650 rpm, (c) 700 rpm, (d) 750 rpm, (e) 1000 rpm, (f) 1500 rpm.

CFD analysis, it has not fully developed. As a result, the differences in
fluid shear stress are not significant, (p > 0.05) leading to statistically
insignificant differences between the values at 650 rpm and 700 rpm,
which are 158 + 77.1 nm (p < 0.05). From the value at 750 rpm, where
Taylor-Couette flow is fully developed, a statistically significant differ-
ence is observed at 157 + 70.1 nm, (p < 0.05) showing a consistent
trend of decreasing particle size and standard deviation, resulting in
smaller and more uniform particles. Increasing the rotational speed to
1000 rpm significantly reduces the mean size and standard deviation of
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the particles to 145 + 57.2 nm, showing a more pronounced decrease in
size. Similarly, at 1500 rpm, the Taylor-Couette flow generates strong
fluid shear stress, resulting in the production of small and uniform li-
posomes measuring 125 + 47.6 nm. From 750 rpm to 1500 rpm, where
stable Taylor-Couette flow is formed, it can be observed that the size of
the liposomes decreases linearly (y = -0.0415x + 187, R% = 0.999). The
values of the liposomes produced at 750 rpm, 1000 rpm, and 1500 rpm
all show statistically significant differences (p < 0.05). In comparison to
previous studies shown in Table 3, the results of this research indicate
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Fig. 8. Average size of liposomes in a Taylor-Couette reactor. (a) Effect of rpm.
a-e: different letters indicate significant differences (p < 0.05), (b) effect of
operation time. a-g: different letters indicate significant differences (p < 0.05).

that the liposomes have smaller sizes and lower zeta potential values.
[73,74]

The results of the sampling at 1000 rpm and 1500 rpm are presented
in Fig. 8(b). At 1000 rpm, a complete liposome was not formed until 2.0
h, remaining around 180 nm. However, by 2.5 h, the size significantly
decreased to 160.1 + 73.1 nm, which is small enough to potentially
reach the dermal layer. At 1500 rpm, a complete liposome was also not
formed until 1.5 h, maintaining a size of around 180 nm. By 2.0 h, the
size is reduced to 162.6 + 85.3 nm, allowing passage through the stra-
tum corneum and epidermis. Statistical analysis reveals that there are no
significant differences between the samples reacted for 0.5 h, 1.0 h, and
1.5 h at 1000 rpm and the sample reacted for 1.0 h at 1500 rpm (p >
0.05). However, a reaction time of 2 h at 1000 rpm results in a statis-
tically significant difference compared to the previous values (p < 0.05).
This can be considered equivalent to the sample reacted for 1.5 h at
1500 rpm based on statistical analysis (p < 0.05). Similarly, a reaction
time of 2.5 h at 1000 rpm shows statistical similarity to the sample
reacted for 2.0 h at 1500 rpm (p < 0.05). This trend indicates that by
increasing the rpm, liposomes with similar characteristics can be syn-
thesized in a shorter time. At 2.5 h, the size further decreased to 152.2 +
78.8 nm. This indicates the changes in liposome size with respect to
operation time. Effective liposomes began to form at 2.5 h for 1000 rpm
and at 2.0 h for 1500 rpm. This suggests that increasing the rpm to
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Table 3
Comparison of size and zeta potential of liposomes formed by different methods.
Drug Methods Size (nm) Zeta Reference
potential
(mV)
Artesunate Thin film 201.92 -23.97 (Wang et al.,
hydration 2022) [73]
Artesunate Ethanol injection 103.10 —18.93 (Wang et al.,
2022) [73]
Artesunate Modified thin film 176.32 + —25.79 + (Wang et al.,
hydration 2.02 0.22 2022) [73]
Lavandin Thin film 400-1300 - (Varona
essential hydration et al., 2011)
oil [54]
Lavandin Gas-saturated 1400-24800 - (Varona
essential solutions (PGSS) et al., 2011)
oil [54]
Cationic NanoAssemblr 105 +£ 19 35.8+5 (Elsana
gene et al., 2019)
[74]
Cationic NanoAssemblr 149 + 20 341+3 (Elsana
gene (lipoplex) et al., 2019)
[74]
Cationic Rotary evaporator 294 + 29 55.0 £ 2 (Elsana
gene thin film et al., 2019)
hydration [74]
Cationic Rotary evaporator 204 + 23 50.6 + 4 (Elsana
gene thin film et al., 2019)
hydration [74]
(lipoplex)
NMN Taylor-Coutte 145 +57.2 —38.10 + This study
reactor (1000 9.08
rpm)
NMN Taylor-Coutte 125 + 47.6 —40.13 + This study
reactor (1500 10.9

rpm)

enhance shear stress may lead to a shorter reaction time.

This analysis demonstrates a clear trend where increasing rpm cor-
relates with a reduction in both the average size and dispersion of
liposome particles, leading to more uniform and consistent formula-
tions. In the study by Hwang et al. [46], the size of Cu(OH),-SiOy
composite particles decreased from 13 pm at 300 rpm to 10 um at 600
rpm, and further to 6 um at 1000 rpm (y = -0.01x + 16, R = 1). Through
this study and Hwang’s research, it can be observed that the particle size
changes linearly with rpm variations within the stable Taylor-Couette
flow regime. [46] At lower speeds, liposomes tend to be larger and
more variable due to inadequate fluid dynamics, particularly the lack of
Taylor-Couette flow. As the rpm increases, there is a significant decrease
in particle size and standard deviation, reflecting improved uniformity.
At higher rotational speeds, the strong fluid shear stress generated en-
hances the mixing of the oil and aqueous phases, leading to a faster
elimination of the interface and more stable dispersion, resulting in the
formation of smaller and more uniform liposomes. The findings indicate
that effective liposome formation is also time-dependent, with optimal
sizes reached after specific durations at elevated speeds. This highlights
the importance of both rotational speed and operation time in producing
liposomes that can effectively penetrate deeper skin layers. Overall,
optimizing these parameters is crucial for the development of effective
liposome-based delivery systems.

3.4. Stability of NMN-loaded liposomes

NMN is known to be unstable in aqueous solutions, especially at
room temperature, where it can decompose into NAM. [19] This
decomposition can significantly affect the efficacy of NMN as a sup-
plement, particularly in formulations intended for long-term storage and
use. Therefore, after storing NMN aqueous solution and NMN liposome
solution made with TCR at 25°C for 180 days, the extent of degradation
was observed. The degradation analysis was performed using HPLC,
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with measurements conducted at intervals of 30, 90, and 180 days.

As detailed in Table 4, NMN sample stored in an aqueous solution at
room temperature (25°C) for 30 days exhibited a remaining NMN of
only 0.321 £+ 0.0651 %. This finding indicates that the NMN in the
aqueous solution undergoes significant degradation, -effectively
rendering it nearly completely degraded. Such a high level of degrada-
tion underscores the challenges associated with storing NMN in liquid
form, particularly for extended periods. In contrast, the NMN liposome
samples created using TCR demonstrated remarkable stability. The
liposome formulation acts as a protective barrier, encapsulating the
NMN and shielding it from environmental factors that contribute to its
degradation.

The findings showed that the sample prepared at 600 rpm main-
tained 84.9 £+ 0.372 % of its NMN content after 30 days, indicating that
a significant majority of the NMN remained intact. However, over time,
the NMN content decreased to 68.3 + 1.96 % at 90 days and 55.8 +
1.37 % at 180 days, indicating degradation due to structural instability
of the liposomes. These changes in NMN concentration are statistically
significant. The liposomes synthesized when Taylor-Couette flow was
not fully established exhibited structural instability due to insufficient
shear stress. In contrast, the sample at 750 rpm exhibited a higher sta-
bility of 85.9 + 0.554 % after 30 days. After 90 days, some instability in
the synthesized liposomes led to a reduction in NMN content to 80.9 +
1.32 %. However, after 180 days, 80.2 + 0.524 % of NMN remained,
indicating that the majority of the stably synthesized liposomes effec-
tively stabilized the NMN. Statistical analysis suggests that there is no
significant difference between the remaining NMN amounts at 90 days
and 180 days. The samples prepared at higher rotational speeds also
demonstrate impressive stability. The 1000 rpm sample retained 90.3 +
0.520 % of its NMN content after 30 days. After 90 days, this decreased
to 87.6 + 0.12 %, indicating that approximately 2.7 % of NMN was lost
due to the breakdown of a small number of unstable liposomes. At 180
days, the remaining NMN content was 87.0 £+ 0.662 %, and statistical
analysis indicated no significant difference between the remaining NMN
amounts at 90 days and 180 days. Meanwhile, the 1500 rpm sample
showed a higher retention rate of 91.6 + 0.323 % after 30 days. Due to
the highly stable synthesis of liposomes at this rotational speed, the
NMN content remained at 89.8 £+ 0.233 % after 90 days and 89.4 +
1.44 % after 180 days. All three values are statistically similar, indi-
cating that NMN encapsulated in liposomes synthesized at 1500 rpm
remains highly stable when stored at room temperature for six months.
This suggests significant potential for long-term storage. By trans-
forming NMN, which decomposes rapidly in aqueous solution, into
liposomal formulations, this study contributes greatly to the advance-
ment of NMN delivery systems. These results highlight the effectiveness
of the liposomal encapsulation method in preserving NMN compared to
the aqueous solution. NMN is a zwitterion that contains a positively
charged amine group and a negatively charged carboxyl group. It is
electrically stabilized by being surrounded by negatively charged
phosphatidylcholine, which helps prevent decomposition in aqueous
solutions. As the number of liposomes increases, NMN becomes more
stabilized. This indicates that in solutions with a higher turbidity due to
a greater number of liposomes, NMN remains more stable. [75,76]
These findings underscore the importance of formulation strategies in
preserving the integrity of NMN. Since NMN tends to decompose in

Table 4
Long-term stability of NMN in aqueous solution and liposomal form after 30, 90,
and 180 days. a-g: different letters indicate significant differences (p < 0.05).

Remaining 30 days 90 days 180 days

NMN (%)

In aqueous solution 0.321 + 0.0651* 0.259 + 0.520? 0.213 £0.323°
600 rpm 84.9 + 0.372° 68.3 + 1.96° 55.8 + 1.37 ¢
750 rpm 85.9 + 0.554" 80.9 +1.32°¢ 80.2 + 0.524 ¢
1000 rpm 90.3 + 0.520° 87.6 + 0.1218 87.0 + 0.6628
1500 rpm 91.6 + 0.323f 89.8 + 0.233f 89.4 + 1.44"
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aqueous solution, NMN not encapsulated in liposomes will degrade and
become undetectable by HPLC (Table 4). Therefore, we can indirectly
determine the encapsulation efficiency by measuring the amount of
NMN remaining in the liposome solution after 30, 90, and 180 days at
room temperature.

To assess the stability of liposomes under various temperature con-
ditions, samples were stored at 25 °C (room temperature), 40 °C, and
60 °C in an oven for 30 days. HPLC was performed to evaluate the sta-
bility of the liposomes at 15 and 30 days, and the results are presented in
Table 5. After 15 days of the experiment, the NMN content in the
aqueous solution at 25 °C was found to be 4.93 + 0.512 %, indicating
rapid decomposition of NMN. At 40 °C, only 1.37 + 0.08 % remained,
and at 60 °C, NMN was completely degraded. In contrast, the NMN
content in liposomes prepared at 1500 rpm and stored at 25 °C for 15
days remained at 99.0 + 0.617 %, demonstrating the effectiveness of
liposomal encapsulation. The amount of NMN remaining in liposomal
formulations varied depending on the stability of the liposomes. In the
case of liposomes prepared at 600 rpm, where Taylor-Couette flow was
not established, 85.4 &+ 1.60 % of NMN remained after 15 days at 25 °C,
and 84.9 + 0.372 % after 30 days, indicating a considerable amount of
NMN retention. However, at 40 °C, the structural instability of the li-
posomes led to phase separation, resulting in a reduction of the
remaining NMN by approximately half. This trend was consistent at both
15 and 30 days. At 700 rpm, as the temperature increased, the structural
stability of the liposomes decreased, leading to a reduction in the
amount of NMN remaining. However, the stability at 600 rpm at 40 °C
was statistically different from the data obtained at room temperature.
The remaining NMN amounts at 15 and 30 days were 66.3 & 3.14 % and
64.8 + 4.54 %, respectively, which represents an approximately 45 %
improvement compared to the 600 rpm samples. This trend was also
observed at 700 and 750 rpm. Notably, at 750 rpm, the NMN retentions
at 40 °C after 15 and 30 days were 78.6 + 3.66 % and 76.2 + 3.55 %,
respectively, indicating a statistically significant difference compared to
the 700 rpm samples. This suggests that liposomes exhibiting stability at
both room temperature and elevated temperatures have begun to be
produced. From 1000 rpm onwards, it was observed that stable lipo-
somes were produced at 40 °C. The NMN content remaining at 25 °C
after 30 days was 90.3 + 0.520 %, while at 40 °C, it was 85.7 &+ 5.56 %.
These values showed no statistically significant difference, indicating
similar stability at both temperatures. This trend was also observed at
1500 rpm. The NMN amounts remaining in liposome solutions stored at
25 °C for 30 days and those stored at 40 °C for 15 and 30 days were 91.6
+ 0.323 %, 93.9 + 1.72 %, and 86.4 + 5.88 %, respectively, with no
statistically significant differences. However, at 60 °C, the structural
stability of the liposomes deteriorated rapidly, leading to phase sepa-
ration between the oil and aqueous phases. Consequently, the samples
analyzed after 15 days at 60 °C showed that almost all NMN

Table 5

Degradation of NMN in aqueous solution and liposomal form at various tem-
peratures after 15 and 30 days. a-j: different letters indicate significant differ-
ences (p < 0.05).

Remaining 25°C 40 °C 60 °C
NMN (%) 15 days 30 days 15 days 30 days 15 days
In aqueous 4.93 0.321 1.37 0.275 0
solution +0.512%  +0.0651°  +0.08 ¢ +0.214 °
600 rpm 85.4 84.9 45.6 42.8 1.59
+1.60 ¢ +0.372¢ +5.78 € +8.94 ¢ +0.290 ©
700 rpm 89.1 85.9 66.3 64.8 2.24
+1.92¢ +0.325 ¢ +3.14 " +4.54 " +0.2857
750 rpm 91.3 85.9 78.6 76.2 2.46
+2.07 9 +0.554 ¢ +3.66 ' +3.551 +0.1737
1000 rpm 94.5 90.3 91.6 85.7 3.36
+0.667¢ +0.520 & +0.4158  45.56 & +0.367
1500 rpm 99.0 91.6 93.9 86.4 5.34
+0.617° +0.323 +1.728 +5.88 & +0.351 2
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decomposed. After 30 days at 60°C, no NMN peak was detected in any
sample, indicating that the liposomal structure, similar to the cell
membrane, is disrupted at elevated temperatures. As research continues
to explore the benefits of NMN, the development of stable and effective
formulations will be crucial in maximizing its therapeutic potential.

3.5. Ex vivo test of NMN-loaded liposomes

The barrier known as the stratum corneum has a thickness of 10-20
pm. Below this layer, there is an avascular epidermis measuring 50-100
pm. Beneath that lies the dermis. Our goal is to determine whether NMN
reaches the dermal layer, so we conducted experiments using 400 pm
porcin skin membranes. [77] The experiment was conducted using
Franz cell diffusion and quantified through HPLC. The structure of the
Franz cell is illustrated in Fig. 9(a). We used piglet skin membranes,
which closely resemble human skin, as the barrier in the experiment.
[78] When comparing the absorption of liposome loaded with NMN
with and without applying a driving force, applying a driving force
directly to the skin can accelerate the rate at which the liquid penetrates
a surface with cavities. When liposomes are applied to the skin and
tapped, they can more easily pass through the tiny pores of the
epidermis. This facilitates rapid and efficient absorption. [79]

As depicted in Fig. 9(b), the cumulative release percentages of the
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Fig. 9. (a) Structure of the Franz cell and (b) ex vivo pig skin permeability
measured with Franz cell.
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results show that in the presence of a driving force, 96.8 + 1.76 % of the
liposomes permeate the skin. Whereas without the driving force, only
70.7 + 7.61 % permeate the skin. The driving force was applied by
tapping the membrane 30 times over a duration of 5 min. In the absence
of a driving force, residual liposomes stay on the skin surface or within
the epidermal layer. Therefore, by applying liposomes to the skin and
tapping, the concentration gradient allows liposomes to penetrate more
rapidly and extensively than they would intrinsically.

Sabbagh and Kim [27] prepared various polyvinyl alcohol (PVA)-
based microneedle patches to develop a transdermal delivery system for
NMN. The highest NMN release of 91.94 % in 18 h was obtained using a
9.5 kDa molecular weight PVA microneedles containing NMN and car-
boxymethyl cellulose. In this study, the NMN penetration percentage of
96.8 £+ 1.76 % within 12 h obtained using liposomes with the applica-
tion of a driving force was higher than the highest release percentage
obtained using PVA microneedles. Additionally, it was observed that
NMN hydrolyzes to NAM when the drug concentration in the micro-
needle is high, suggesting that the drug concentration should be deter-
mined to reduce drug hydrolysis. [27] The use of liposomes increases
stability and reduces the hydrolysis of NMN to NAM, representing a
promising alternative to NMN microneedles.

Recent liposome research has focused on treating photodamage by
liposomalizing high molecular weight hyaluronic acid to create a
transdermal system. Liposomes were prepared using methods such as
reverse evaporation, high-speed homogenization, and micro-jet tech-
niques. A murine model of acute skin injury induced by laser ablation
was established, demonstrating that the transdermal system exhibited
significant anti-inflammatory and immunosuppressive properties, pro-
moting skin proliferation and scar repair, thus highlighting its potential
in accelerating skin wound healing. [80] In another study, a nano-
formulated curcumin-fused lipogel was developed, which showed
enhanced wound healing ability and sustained drug release. The pro-
motion of angiogenesis was confirmed through an in-ovo CAM assay,
and antimicrobial effects were validated using the Kirby-Bauer assay
against E. coli and Staphylococcus aureus. [81] Additionally, liposomes
were used to reduce nonsteroidal anti-inflammatory drug (NSAID)-
related adverse effects. A chitosan-based hydrogel was developed using
liposomes loaded with aceclofenac (ACE), adopting a central composite
design to enhance synergistic anti-inflammatory efficacy and improve
the dermal administration of ACE. [82]

Future research can focus on efficient production and delivery
methods of liposomes. Increasing the viscosity to apply greater shear
stress to the fluid can reduce the reaction time and allow for a contin-
uous process. This will simplify the commercial liposome manufacturing
process to a single step, contributing to the establishment of an efficient
production system suitable for industrial applications. Additionally,
research can be conducted to produce liposomes containing NMN in the
form of microneedles to directly deliver NMN into the dermal layer.
Microneedles are tiny, minimally invasive needles that can penetrate the
outer layer of the skin without causing significant pain. They create
microchannels that allow for the efficient delivery of therapeutic agents
directly into the deeper skin layers, enhancing absorption and efficacy.
This innovative delivery method holds great promise for improving the
bioavailability of NMN and other active ingredients in cosmetic and
pharmaceutical applications.

4. Conclusion

This study aimed to address the challenges associated with the
bioavailability, stability, and delivery of NMN through the production of
NMN-loaded liposomes using a TCR. Through a comprehensive inves-
tigation, several key findings and advancements were achieved. Firstly,
the adoption of liposomes as a delivery system for NMN showed promise
in overcoming stability and bioavailability issues. The TCR facilitated
uniform mixing and dispersion of NMN within the lipid bilayers,
resulting in stable liposomes. Furthermore, the prepared NMN-loaded
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liposomes were characterized for their physicochemical properties and
ex vivo pig skin penetration test. The results demonstrated the ability of
TCR-produced liposomes to achieve stable emulsification and uniform
particle size, compared to conventional methods. Stable liposomes were
consistently formed at 750 rpm and above, as evidenced by CFD simu-
lations, optical properties of the dispersion solution, zeta potential, and
particle size analysis. Particularly, at 1000 rpm, liposomes showed a size
of 145 + 57.2 nm and an average zeta potential of —38.10 £+ 9.08 mV,
while at 1500 rpm, the size reduced to 125 + 47.6 nm with an average
zeta potential of —40.13 £+ 10.9 mV. These dimensions and zeta po-
tential values are sufficiently small and stable to penetrate the epidermal
layer effectively, ensuring the stable delivery of NMN and preventing its
degradation. Liposomes prepared at 1000 rpm and 1500 rpm showed
stabilization effects for NMN, remaining at 87.0 + 0.662 % and 89.4 +
1.44 %, respectively, after 180 days at room temperature. The ex vivo
testing using Franz cell diffusion further validated the efficacy of NMN-
loaded liposomes in penetrating the skin barrier. The results showed a
significant increase in penetration percentage when a driving force was
applied, highlighting the potential of liposomes for targeted drug de-
livery to the skin. Without a driving force, the penetration percentage
converges to 70.7 + 7.61 % after 18 h. However, with the application of
a driving force, the penetration percentage reaches 96.8 + 1.76 %
within 12 h, showing that mostly all liposomes penetrate the dermal
layer. In summary, this study provides valuable insights into the pro-
duction and characterization of NMN-loaded liposomes, paving the way
for the development of novel delivery systems for NMN. By addressing
key challenges in stability, bioavailability, and delivery, NMN-loaded
liposomes prepared using a TCR offer promising prospects for biomed-
ical applications, potentially advancing the therapeutic potential of
NMN in various health conditions and contributing to the field of
nanomedicine.
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