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Design and Development of Niacinamide lipid and polymeric
nanoparticles and in vitro permeation studies using human
epidermis
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Pippa®”, Dimitrios M. Rekkas® and Paraskevas P. Dallas®"

Niacinamide (NIAC), also known as nicotinamide, is a Biopharmaceutics Classification System (BCS) Class | compound with
versatile known dermatological benefits, including anti-inflammatory, antioxidant, brightening, and skin barrier-restoring
effects. However, due to its high hydrophilicity and the barrier properties of the stratum corneum, it is characterized by
poor skin permeation. This study aimed to develop both lipid and polymer nanoparticles and comparatively assess their
potential for the enhancement of NIAC delivery through the skin. Lipid nanoparticles composed of hydrogenated soy
phosphatidylcholine (HSPC) and phosphatidylglycerol (PG) were prepared via a simple thin-film hydration method. A two-
factor (32) factorial experimental design was used to determine the effects of PG and colloidal concentration (CollC) on
physicochemical properties: hydrodynamic diameter (Dy), polydispersity index (PDI), zeta potential, and encapsulation
efficiency (EE) of NIAC, as well as to optimize the lipid formulation. The presence of PG ameliorated physicochemical
characteristics and increased NIAC encapsulation up to 56%. Two of five optimized formulations were further investigated
for in vitro permeation across human epidermis using Franz diffusion cells, with a non-optimized formulation and a 4.5%
NIAC solution used as references. Optimized LNPs substantially enhanced skin permeation; compared with the non-
optimized formulation, they improved permeation by 39% and overall delivery by 22%. Compared with the 4.5% NIAC
solution, they exhibited 192% greater permeation and 800% higher overall delivery efficiency. These findings demonstrate
the potential of PG-containing LNPs as effective nanocarriers for cosmetic or dermatological applications. In parallel,
polymeric nanoparticles based on Kolliphor® P407 were prepared by bath sonication as an alternative delivery platform for
niacinamide, where the influence of the polymer and compound concentrations was examined. Interestingly, the
formulation with the minimum total concentration (10 mg mL?, 9:1 polymer:NIAC ratio) displayed the best overall
performance, achieving a balance of colloidal stability, micellar homogeneity, and release capacity. Overall, polymeric
nanoparticles yielded interesting delivery profiles for the hydrophilic molecule and appeared to facilitate its permeation
through the skin, despite the rather limited NIAC encapsulation efficiency achieved; their potential remains to be
elucidated

more extensively.

with extensively studied dermal administration and topical
effects. It is shown to improve many skin conditions, such as

Niacinamide (NIAC—molecular formula: C¢HgN>O), also known
as nicotinamide, is an amide form of vitamin B; with a pKa =
3.3 at 20 °C. It is a water-soluble compound that has a crucial
role in the synthesis of nicotinamide adenine dinucleotide, a
pyridine nucleotide that serves as a cofactor for the synthesis
of NADH and NADPH. These coenzymes are essential in redox
reactions and energy generation processes in mammalian
cells. 22 It is a well-tolerated ingredient of cosmetic products,
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acne vulgaris, melasma, atopic dermatitis, rosacea, and
psoriasis. In recent years it has gained popularity as an anti-
aging agent, and it has been shown to improve skin’s elasticity
and reduce oxidative stress and inflammation.3* It has also
been proven effective at restoring skin barrier function, as it
increases biosynthesis of sphingolipids, including ceramides
and other stratum corneum lipids. >¢

The stratum corneum is the outermost layer of the skin and
serves as a main barrier to drug penetration. It consists of a
layer of dead keratinized cells with an intercellular matrix,
mainly of ceramides, cholesterol, and free fatty acids.”®
Niacinamide has a low molecular weight (122.13 g mol™);
however, since it is a BCS | drug with high aqueous solubility (1
g mL"), it has poor skin permeability; therefore, the
development of new formulations to overcome this obstacle is
essential. >10
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Recently nanocarriers, and more specifically lipid nanoparticles
(LNPs), have attracted the interest of the research community
as an attempt to develop more versatile drug delivery
platforms. LNPs are composed of biocompatible lipids that can
form self-assembled structures in aqueous environments.
These structures enable the encapsulation of therapeutic or
diagnostic compounds within an aqueous core or lipid matrix,
depending on their physicochemical properties.'12
Encapsulation protects drugs from in vivo degradation,
enhances solubility and bioavailability, enables targeted or
controlled delivery, and thereby overcomes key limitations of
conventional drug-delivery systems.!> By carrying both
hydrophilic and hydrophobic drugs, LNPs may improve skin
permeability of niacinamide, reduce required dosage, lower
formulation costs, and minimize adverse effects.'*1> In fact,
various nanocarriers have been designed to address NIAC's
skin delivery, namely liposomes and solid lipid nanoparticles.**
16-18

Besides lipid-based nanocarriers, polymer-based nanocarriers
have surfaced as highly promising platforms due to their
intrinsic qualities, including safety, stability, solubility, tunable

physicochemical  characteristics, biocompatibility, and
biodegradability.’® Polymer-based nanoparticles provide
strong protection for the encapsulated cargos, increase

systemic circulation, enable controlled and targeted release,
and enhance cellular uptake efficiency.?®?° Their favorable
solubility, stability, and capacity for sustained release further
contribute to enhanced drug absorption, protection from
premature degradation, and ameliorated bioavailability.20
Polymer-based nanoparticles can be synthesized from both
natural and synthetic polymers, with the possibility of
engineering their molecular weights and structures to optimize
encapsulation efficiency and release kinetics.?! Moreover,
surface functionalization with targeting ligands enables site-
specific delivery, while the incorporation of stimuli-responsive
elements (e.g., pH or temperature sensitivity) allows
spatiotemporally controlled drug release. These attributes
position polymer-based nanoparticles as versatile and
adaptable tools for precision drug therapy and advanced
biomedical applications.??

The quality of a pharmaceutical and cosmetic product must be
built into its design to ensure its safety and efficacy.
Traditional approaches such as Quality by Testing (QbT) are
considered insufficient and inadequate practices; instead,
Quality by Design (QbD) was suggested by the regulatory
authorities (FDA, EMA) at the beginning of the new
millennium, emphasizing that quality should be part of product
development.2223

Design of Experiments (DOE) represents a core element of
QbD, which was introduced in the 20th century by statistician
Sir Ronald Fisher, who first emphasized the importance of
applying statistical methodology early in a process. DoE
provides a systematic approach for determination,
optimization, and control of both formulation and process
parameters. During the development of a formulation, where
multiple variables are involved, it enables the study of the
effect of each individual factor and their interactions, the
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identification of critical variables, and supports Qptimization
through careful selection of their levels. 226 10.1039/D6PM00089D
The aim of this study was the formulation of 1% niacinamide in
lipid nanoparticles composed of hydrogenated soy
phosphatidylcholine (HSPC) and phosphatidylglycerol (PG).
Several saturated phosphatidylcholines can be used for the
preparation of lipid nanoparticulate drug delivery systems as
penetration enhancers for dermal and transdermal
applications. Lipid composition is critical for the colloidal
stability, drug loading, and release behavior of the final
formulation. The main transition temperature governs their
behavior and the critical process parameters (CPPs) as well.
Dipalmitoylphosphatidylcholine (DPPC),
distearoylphosphatidylcholine (DSPC), and HSPC are the most
common lipids in the marketed available nanomedicines.?”
HSPC is a widely used, saturated, zwitterionic phospholipid
featured in several approved formulations, while PG is an
anionic phospholipid whose incorporation can modulate the
surface charge, bilayer packing, and colloidal stability of the
nanoparticles. The HSPC was used due to its high degree of
biocompatibility and its well-established behavior in
preclinical, clinical, and post-market vigilance studies. To the
best of our knowledge, this is the first time that the use of PG
lipid is evaluated for the enhancement of NIAC skin
permeation.

The lipid nanoparticles were prepared by the thin film
hydration method, followed by bath sonication to reduce their
size. Design of Experiments (DoE) was used as a statistical tool
for the optimization of the relationship between the variables
and the responses, specifically to determine the appropriate
amount of PG and the colloidal concentration, within their
respective ranges, that result in a formulation with minimum
Dy, PDI, and zeta potential, while maximizing the encapsulation
efficiency of niacinamide. In addition, pure nanocarriers were
prepared, characterized, and compared to the 1% NIAC-loaded
nanocarriers.

In parallel, polymeric nanoparticles based on Kolliphor® P407
were manufactured via bath sonication in order to provide a
comparative evaluation between lipid- and polymer-based
nanocarriers for the skin delivery of a highly hydrophilic
molecule such as niacinamide. More specifically, niacinamide-
loaded formulations were prepared at three different polymer
concentrations (10 mg mL?, 20 mg mL?, and 30 mg mL?,
respectively) with a polymer-to-drug ratio of 9:1 to examine
the effect of polymer and NIAC concentration on the
physicochemical properties of the polymeric nanoparticles and
their release performance. Similarly to lipid-based
nanocarriers, pure polymeric nanoparticles at the same
polymer concentrations were also prepared. Finally, for both
lipid and polymeric nanoparticles, an in vitro skin permeation
study (IVPT) was conducted using a Franz diffusion cell. Human
epidermis was chosen for the analysis, as it is generally
considered more predictive of in vivo results.?82°

Results

Lipid Nanoparticles

This journal is © The Royal Society of Chemistry 20xx
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Physicochemical properties of pure lipid nanoparticles

Table 1 summarizes the physicochemical properties of pure
lipid nanoparticles. LNPs formulated without PG had the
largest hydrodynamic diameter (Dn) and exhibited
considerable heterogeneity. At  maximum colloidal
concentration, aggregation was observed, likely due to the
high lipid content and energy provided during sonication,
which could hinder effective size reduction. It is well known
that process parameters, such as the size reduction technique
and the duration of sonication, are critical process parameters
for lipid-based nanoparticles3%31, However, the present study
focuses on the influence of colloidal concentration and PG
content on the critical quality attributes, using a simple
manufacturing method while maintaining all process
parameters constant. Keeping these parameters constant
allowed us to better highlight the role of lipid composition and
colloidal concentration, and, most importantly, the impact of
self-assembly on LNP performance, with distinct behavior
observed for PG-containing LNPs, as described below.
Consistent with previous reports on the role of anionic lipids in
colloidal stabilization,3? replacing parts of the hydrogenated
soy phosphatidylcholine (HSPC) with PG markedly improved
the physicochemical properties of the LNPs. This effect,
however, was not linear. Formulations containing a moderate
amount of PG exhibited the smallest hydrodynamic diameters
(129.7 £ 43.2 - 190.2 * 25.8 nm) across all three colloidal
concentrations tested: the formulation with the highest PG
amount and colloidal concentration of 20 mg mL" displayed a
comparably small Dy (182.9 + 30.4 and 165.8 + 27.9 nm,
respectively).

PDI displayed a similar trend following PG incorporation in
LNPs, reflecting improved particle size uniformity. The minimal
PDI values (<0.1) were recorded for two formulations: 0.5 mg
mL" PG at 10 mg mL" and 1 mg mL" PG at 20 mg mL".

Table 1 Physicochemical Properties of pure lipid-based nanocarriers

RSC Pharmaceutics

Zeta potential gives an indication of the potential stabilityof 2
colloidal system. A large negative or P&Xitivé0ZfPEtentval
repels the particles from each other and prevents them from
flocculating. Interestingly, all formulations exhibited negative
zeta potential, including those without PG. This may result
from impurities in Phospholipon 90H or the inherent behavior
of zwitterionic lipids, which can show negative zeta potential
at pH 7.33 Incorporation of PG further lowered zeta potentials
to below —30 mV, indicating enhanced colloidal stability.3? It is
well established that nanoparticles exhibiting absolute zeta
potential values above approximately 30 mV are generally
considered stable over time, due to the presence of sufficient
electrostatic repulsion.34 In general, surface charge is primarily
governed by ionic strength, pH, sample concentration, solvent
viscosity, and chemical composition.32353¢ As expected, in the
present study, lipid compositions differing in PG inclusion
(presence or absence of PG) resulted in significant differences
in zeta potential values. However, no significant variations
were observed with respect to PG content (0.5 vs 1 mg mL?),
as shown in Table 1. This may suggest that electrostatic
interactions at a molecular level on the nanoparticle surface
are largely comparable among PG-containing formulations.
The relatively small variations observed in zeta potential could
also be attributed to the formation of similar surface
morphologies across nanoparticles. Nevertheless, it should be
noted that the behavior of nanoparticulate systems is
inherently complex and influenced by multiple interacting
parameters. Specifically, factors such as preparation protocol,
lipid composition, lipid packing parameter, and colloidal
concentration collectively affect curvature, structural
organization, and the surface presentation of functional
groups at the nanoparticle interface.3” This is further
supported by the impact of PG content and colloidal
concentration on surface curvature, which is reflected in
changes in particle size, as discussed in more detail in the
following paragraph.

PG (mg mL?) ColIC (mg mL?) Dh (nm) PDI zeta potential (mV)
0 10 363.5+12.8 1.000 -26.6+1.2
0 20 290.5 +168.1 1.000 -36.0+0.8
0 20 287.0+93.4 1 -23.8+1.0
0 30 - -

0.5 10 167.5+81.6 0.090 + 0.030 -54.0+1.4
0.5 20 168.2 +30.5 0.421 +0.040 -49.4+1.5
0.5 20 190.2 +25.8 0.403 £ 0.169 -47.1+1.2
0.5 20 129.7+43.2 0.379+0.278 -51.2+0.7
0.5 30 156.9 +23.7 0.749 +0.356 -53.3+6.5
1 10 272.4+64.6 0.127 £ 0.070 =42.7+1.2
1 20 182.9+30.4 0.088 £ 0.010 -55.1+1.8
1 20 165.8 +27.9 0.025 +0.010 -48.9£0.7
1 30 309.3+43.8 0.750+0.121 -53.2+15

* Not measured due to the formation of aggregates

This journal is © The Royal Society of Chemistry 20xx
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The above observations were further supported by the 3D
response-surface plots (Fig. 1). Regarding Dn, at low colloidal
concentrations (€15 mg mL™"), increasing PG sharply reduced
particle size, whereas moderate to high concentrations (215
mg mL") displayed a particle size reduction with PG
incorporation up to 0.5 mg mL™" and a slight raise at higher PG
levels. Formulations with medium PG levels maintained similar
particle sizes across all concentrations, whereas PG-free
systems and those containing the maximum amount of the
anionic lipid exhibited a smaller D, at a medium colloidal
concentration (20 mg mL™).

Increasing the amount of anionic lipid resulted in a non-linear
reduction of PDI, implying complex interactions within the
system. Colloidal concentration also affected PDI in a non-
linear way: at low PG levels, PDI values rose slightly with
increasing concentration, whereas at higher PG content, an
increase of concentration led to a more pronounced elevation
of PDI, indicating aggregation and possible instability.
Lastly, PG affected zeta potential independently of colloidal

concentration; higher levels consistently produced more
negative  values, suggesting enhanced electrostatic
stabilization.

Physicochemical properties of NIAC 1% lipid nanoparticles

Interestingly, the addition of niacinamide promoted the
hydration of all thin films regardless of their lipid composition.
As shown in Table 2, in the absence of PG and at the highest
colloidal concentration, encapsulation efficiency could be
measured; however, the physicochemical properties were not

B: CollC

4| J. Name., 2012, 00, 1-3
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well-defined due to aggregation, as observed priortoothe
addition of niacinamide. Except for th&Qy3ifemn® With'ZWeng
mL" colloidal concentration and 0.5 or 1 mg mL"' PG,
niacinamide incorporation caused a slight increase in Dp.
Regarding PDI, formulations without PG maintained a
polydispersity index of 1 after niacinamide addition, indicating
substantial size heterogeneity, similar to the unloaded
nanocarriers. In the remaining formulations, only minor
changes in PDI were observed.

NIAC addition resulted in more negative zeta potential values
for all LNPs, likely due to its partial deposition on the lipid
bilayer surface. Having a pKa equal to 3.3, niacinamide is
expected to be fully deprotonated at pH 7, thereby
contributing to the surface charge.

Formulations without PG displayed the lowest encapsulation
efficiency values, not exceeding 28.25%. PG incorporation
improved encapsulation up to a maximum of 46.02%,
corresponding to the formulation containing 1 mg mL" PG at a
colloidal concentration of 20 mg mL". For the loaded NPs, the
PG content plays a great role in the encapsulation efficiency of
NIAC. Namely, the % EE of NIAC reached higher values as the
concentration of PG increased (Table 2). NIAC is a small water-
soluble molecule that is encapsulated into aqueous sub-
compartments of the NPs and/or interacts via electrostatic
and/or hydrogen bonds with head polar groups of PG.38 This
may cause increased membrane fluidity and alteration of
phospholipid spacing. All the above may be indirect indications
of changes in NPs' shape and surface morphology due to NIAC
loading in comparison to pure NPs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 3-D graphs that show how the two factors affect each response for the pure nanocarriers: A) Dy, B) PDI and C) zeta potential, (Design Expert® - DX11). The blue

areas correspond to the minimum values of the responses while as we approach the

red areas the responses increase.

The 3D response-surface plots (Fig. 2) further illustrate the
effects of PG and colloidal concentration on the LNPs’
physicochemical characteristics and the NIAC encapsulation
efficiency.

For hydrodynamic diameter (Ds), increasing PG up to
moderate levels caused a significant decrease in particle size,
whereas further addition of PG had the opposite effect. At low
PG content, increasing colloidal concentration reduced Dy,
whereas at medium and high PG contents, Dy initially
increased and then decreased as concentration rose. In terms
of formulation homogeneity, the incorporation of higher
proportions of anionic lipid induces a non-linear decrease in
the polydispersity index (PDI), suggesting improved size
distribution uniformity. In contrast, increasing colloidal
concentration produces an opposite effect, characterized by
elevated PDI values. As shown in Fig. 2(c), increasing PG causes
a non-linear reduction of zeta potential. Finally, increasing PG
content enhanced encapsulation efficiency in a non-linear

fashion, with moderate to high PG levels yielding the highest
NIAC encapsulation.

Optimization

The goal of the study is to optimize the relationship between
the variables and the responses, specifically to determine the
appropriate levels of PG and colloidal concentration within
their respective ranges that result in a formulation with
minimum Dy, PDI, and zeta potential, while maximizing the
encapsulation efficiency of niacinamide; all the above have a
strong influence on the transdermal delivery.3° The criteria for
selecting the optimal formulations are presented in greater
detail in Table 3. One of the design criteria is the zeta potential
values that should be minimized. High zeta potential values in
absolute terms are beneficial for the colloidal and long-term
stability of the formulation. This parameter is also related to
the skin permeation and retention ability of NPs.3> Therefore,
decreasing zeta potential values in this situation probably
represents an optimization strategy to ameliorate a balance

Table 2 Physicochemical Properties and Encapsulation Efficiency of 1% NIAC lipid nanoparticles

PG (mg mL?) ColIC (mg mL?) Dh (nm)

0 10 379.3+13.3
0 20 346.9 + 20.4
0 20 358.0 + 46.6
0 30 R

0.5 10 209.0+32.1

0.5 20 245.7 £ 10.7

0.5 20 266.1 + 18.7

0.5 20 258.5+ 16.4

0.5 30 159.3 £33.3
1 10 228.5+24.1
1 20 366.3 + 12.6
1 20 331.8+ 235
1 30 262.6 +17.4

* Not measured due to the formation of aggregates

This journal is © The Royal Society of Chemistry 20xx

PDI zeta potential (mV) EE%
1.000 -32.2+ 1.7 22.64
1.000 449+ 16 16.15
1.000 -40.1+1.2 28.25

- N 20.38"
0.199 + 0.019 -65.8+1.1 37.24
0.145 + 0.120 -67.9+2.1 39.35
0.135 + 0.003 -61.2+0.7 41.03
0.162 £ 0.043 -62.3+1.5 38.50
0.315+ 0.135 -64.8+ 1.0 32.64
0.298 +0.101 -77.4+3.6 35.33
0.097 £ 0.017 -70.2+1.8 40.75
0.139+0.011 -72.6+1.7 46.02
0.160 + 0.020 -75.3+0.7 38.76

J. Name., 2013, 00, 1-3 | 5
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Fig. 2 3-D graphs that show how the two factors affect each response for the 1% NIAC lipid nanoparticles: A) Dy, B) PDI, C) zeta potential and D) EE (%), (Design Expert® - DX11).
Blue colour indicates minimal values for Dy, PDI and zeta potential and maximum values for EE

between improved skin interface and enough physicochemical
stability, enabling a more effective drug delivery platform for
NIAC.

Two of the five total optimal formulations with desirability
0.837 and 0.841, respectively, were designed: Optimal 1- PG
0.8 mg mL" at a colloidal concentration of 10 mg mL" and
Optimal 2 - PG 0.7 mg mL" at a colloidal concentration of 30
mg mL'. The LNPs were physicochemically characterized and
the comparison of the actual and predicted values emerging
from DoE for the physicochemical properties and
encapsulation efficiency of NIAC are shown in Table 4.

Table 4 Comparison of the actual and predicted values for the physicochemical
properties and encapsulation efficiency of the two optimal formulations

Table 3 Criteria for designing the optimal formulations

Criteria Goal Significance
A (PG) within range
B (ColIC) within range
Response 1 (Dy) minimize ++++
Response 2 (PDI) minimize +H++
Response 3 (zeta-potential) minimize +H++
Response 4 (EE) maximize +H+++

6 | J. Name., 2012, 00, 1-3

Actual values Predicted values Difference %

Dn(nm) 222.6+313 205.0 -7.91
Optimal PDI 0.163 £ 0.09 0.164 0.61
1
zeta potential (mV) -70.3+1.9 -72.30 2.85
EE (%) 56.10 39.18 -30.16
Dh (nm) 181.9+0.4 179.4 -1.37
Optimal PDI 0.150£0.13 0.145 -3.33
2
zeta potential (mV)  -66.4+0.9 -70.30 5.87
EE (%) 44.90 37.57 -16.33

In vitro skin permeation study of NIAC in lipid nanoparticles
The two optimal formulations were chosen for further
evaluation. A comparative in vitro epidermal permeation study
was conducted where the non-optimal LNPs with the highest
encapsulation efficiency (PG 1 mg mL"; CollC 20 mg mL™") and a

4.5% niacinamide solution served as references.

This journal is © The Royal Society of Chemistry 20xx
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The herein developed niacinamide formulations were used in
vitro without purification to have the same applied
concentration of niacinamide and nanoparticles in all cases,
expecting for both encapsulated and unencapsulated NIAC to
be affected by the presence of nanoparticles.*°

Niacinamide skin permeation

The cumulative in vitro skin permeation of NIAC after 24 h is
provided in Table 5. Results are expressed
cumulative amount per unit area rather than steady-state flux
(J, ug cm? h7") because the flux is calculated from the linear
part of the curves, which usually occurs at longer times.*!
Statistical analysis demonstrated that for each formulation the
data followed a normal distribution at all sampling time points.
Furthermore, the two optimal formulations displayed a
statistically significant difference at 3 and 6 hours that was not
observed at later stages.

This difference is likely due to the high lipid concentration of
Optimal 2, which potentially alters niacinamide diffusion and
results in its slower release.*?

The Optimal 1 formulation showed a statistically significant
difference compared to both the non-optimal formulation and
the NIAC 4.5% solution across all time points. On the contrary,
the Optimal 2 formulation did not significantly differ from the
non-optimal formulation and the macro formulation at 3 and 6
hours; statistically significant differences emerged at 12 and 24
hours. Finally, the non-optimal formulation also did not show a
statistically significant difference from the NIAC solution at 3
and 6 hours; however, significant differences were observed at
12 and 24 hours.

The cumulative amount of niacinamide that permeated the
skin from the two optimal formulations is higher than the
corresponding amount that permeated from the non-optimal
and considerably higher than the corresponding amount that
permeated from the 4.5% NIAC solution. More specifically, the
two optimal formulations achieved 192% more skin
permeability relative to the macro formulation and 41% more
compared with the non-optimal.

It is also observed that the optimal 1 formulation has zero lag
time, whereas optimal 2 has a lag time equal to 0.81 h. Again,

in terms of

Table 5 Cumulative amount of NIAC Q (ug cm™) permeated per unit area + SD

RSC Pharmaceutics

such a difference could be attributed to the diffegent,colleidal
concentrations. The non-optimal nanof6YmBlEtEaR a2
time of 1.31 h, whereas the solution has the biggest lag time
(2.49 h).

% Cumulative Dose of Niacinamide that permeated the skin

As seen on Table 6, large differences were observed across the
different formulations concerning the % cumulative dose of
niacinamide that permeated the skin. The optimal
formulations deliver about 1.5% of the dose they contain; the
non-optimal delivers 1.1%, while the solution appears to
deliver about 0.1%. All the percentage data follow a normal
distribution at every sampling time point. The statistical
differences are according to the ones resulting from the
comparison of the cumulative amount of NIAC that permeated
the skin from each formulation.

Fig. 3 presents cumulative NIAC permeation per unit area
(amount and percentage dose) for the two optimal LNPs
relative to the remaining formulations and highlights
differences in the corresponding lag times.

Niacinamide skin retention

The NIAC retention in human stratum corneum is provided in
Fig. 4 and Table 7, while the NIAC retention percentage is also
given in Fig. 4. All the skin retention data follow a normal
distribution at 24 hours. As proven in previous studies,*3* lipid
nanoparticles may enhance the skin
hydrophilic and lipophilic molecules. Indeed, the two optimal
LNPs demonstrated increased retention of niacinamide in the
human stratum corneum with no statistically significant
difference observed between them, in contrast to the other
formulation comparisons. The non-optimal lipid nanocarrier
also showed a notable skin retention of the compound,
whereas the solution had the least skin retention by far. The
optimal formulations exhibited 21.68% and 13.70% more skin
retention, respectively, compared to the non-optimal. The
NIAC amount deposited in the skin from the optimal LNPs was
approximately 11-12 times greater than the solution.

retention of both

Time Points Optimal 1 Optimal 2 Non-Optimal NIAC 4.5 % Solution

3h 4.56+0.33 0.00 0.10+0.29 0.22 £ 0.46

6h 7.57+0.78 2.77+1.29 1.52+0.55 0.12+0.90

12h 13.27+1.76 13.21+4.15 9.17 £1.63 3.77+1.47

24h 16.30+1.87 16.02 + 4.80 11.54+2.04 5.57+1.39

Table 6 Cumulative (%) Dose of NIAC that permeated the skin
Time Points Optimal 1 Optimal 2 Non-Optimal NIAC 4.5 % Solution

3h 0.4265 £ 0.0637 0.0010 + 0.021 0.0016 £ 0.017 0.0001+0.0001
6h 0.7092 £ 0.0963 0.2597 £0.1057  0.1449 £ 0.0781 0.0071 £ 0.0045
12h 1.2457 £0.2749 1.2375+0.2926  0.8789 £ 0.1564 0.0801+0.0217
24h 1.5306 £ 0.2243 1.5011+0.3392 1.1071+0.1617 0.1181+0.0224

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Cumulative amount of NIAC (ug cm™) (A) and Cumulative %NIAC dose (B) permeated per unit area

In vitro studies are generally considered a preliminary step were conducted using human epidermis, which, as mentioned
towards in vivo evaluation and clinical translation. However, above, is considered more predictive of in vivo outcomes.
the herein developed lipid nanoparticles displayed a significant  Therefore, the improved delivery performance suggests that
amelioration of permeation and retention of NIAC in the skin the optimized LNPs could represent a promising drug delivery
compared with the reference solution, despite the lower platform with potential therapeutic relevance. Lastly, as
concentration of the molecule. Noteworthy, the experiments reported by Lee et al3, who also formulated lipid-based

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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effects, hence supporting the plausibility of,,therapeutic
potential. DOI: 10.1039/D6PM00089D

Table 7 Cumulative NIAC retention in human stratum corneum for lipid based and reference formulations and cumulative NIAC retention percentage in human stratum corneum

(mean £ SD, n = 6)

Optimal 1 Optimal 2
NIAC skin retention (ug) 126.70 £ 8.44 118.45+8.12
% NIAC skin retention 11.90 +1.00 11.11+0.73

A)

Cumulative NIAC retention in human stratum corneum 24 h

140+

Amount of NIAC (ug) from skin
Cumulative % of NIAC dose retention

NIAC Solution 4.5%

Optimal 1

Optimal 2 Non-Optimal

Fig. 4 Cumulative NIAC (A) and % NIAC (B) retention in human stratum corneum at 24 h

Non-Optimal NIAC Solution 4.5 %
105.05 +8.51 10.01+4.53
10.09 +0.58 0.21+0.09

B)

Cumulative NIAC retention percentage in human stratum corneum 24 h

14}

Non-Optimal

Optimal 1 Optimal 2 NIAC Solution 4.5%

Polymeric nanoparticles

Physicochemical properties of pure polymeric nanoparticles

For the pure polymeric formulations, D, exhibited a nonlinear
behaviour with concentration (Table 8). At 10 mg mlLY,
relatively small particles were observed (147.5 + 4.8 nm),
which increased markedly at 20 mg mL? (455.4 + 23.9 nm) and
decreased again at 30 mg mL! (295.0 + 25.8 nm). The PDI
values were moderately high across all concentrations (0.581-
0.651), suggesting broad size distributions and a relatively
polydisperse  colloidal population. Notably, polymer
concentration did not seem to have a significant impact on the
PDI of pure nanocarriers, suggesting that the observed
heterogeneity is intrinsic to the system under these
formulation parameters. This behavior may be attributed to
the employment of the single polymer Kolliphor® P407, which,
in combination with the relatively mild preparation conditions,
may provide limited colloidal stabilization in comparison to
more structurally complex polymeric systems. All formulations
exhibited slight negative surface charges (-5.01 mV to -15.33
mV), indicative of limited electrostatic stabilization.

This journal is © The Royal Society of Chemistry 20xx

Table 8 Physicochemical Properties of pure polymer-based nanocarriers

Concentration Dh (nm) PDI zeta potential
(mg mL?) (mV)
10 1475+4.8 0.614 -5.0+1.0
20 455.4 +£23.9 0.651 -153+23
30 295.0+ 25.8 0.581 -11.4+£3.2

Physicochemical properties of NIAC polymeric nanoparticles

The presence of niacinamide, as shown in Table 9, markedly
influenced the physicochemical features of the vector. Overall,
the 10 mg mL? niacinamide-containing formulation displayed
the most favorable colloidal features, characterized by a
relatively small D, and the lowest PDI value within the tested
formulations. At the minimum polymer concentration,
niacinamide caused a slight increase in Dp (189.9 * 10.8 nm)
and a clear reduction in PDI (0.456), suggesting different
molecular interactions leading to different self-assembly. This
effect is likely associated to interactions between
niacinamide—a polar, hydrophilic molecule—and the micellar
corona of Kolliphor® P407, which modestly enlarges the
micelles, while stabilizing the structure.

J. Name., 2013, 00, 1-3 | 9
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Table 9 Physicochemical Properties of NIAC polymeric nanoparticles

Concentration D (nm) PDI zeta potential EE
(mg mL?) (mv) (%)
10 188.9+10.8 0.456 -83+24 5.58+1.43
20 671.6+23.6 0.836 -23.8+3.9 9.00+0.40
30 287.6+21.8 0.557 -33.0+2.8 7.10+£1.60
In contrast, at 20 mg mL?! the hydrodynamic diameter

increased substantially to 671.6 £ 23.6 nm, accompanied by a
pronounced rise in polydispersity (PDI = 0.836), consistent with
the formation of larger, more heterogeneous aggregates. We
assume that this transition reflects entry into a concentration
regime near a critical self-assembly threshold, where
intermicellar association and multicore structures are favored.
These interactions enlarge the assemblies and broaden the
size distribution, as reflected by the higher PDI relative to the
mg mL formulation.

Finally at 30 mg mL%, the size and polydispersity are similar to
those of the pure formulation (D, = 287.6 £+ 21.8 nm; PDI =
0.557), indicating that niacinamide at this concentration level
does not have a great effect on the configuration.
Interestingly, the presence of niacinamide
pronounced changes in PDI values, and unlike the pure
nanocarriers, a marked association with  polymer
concentration was detected. Such findings suggest that the
interaction between the hydrophilic molecule and the
Kolliphor® P407 micelles may influence their self-assembly
behavior, plausibly leading to the formation of different
micellar structures in a non-linear, polymer concentration-
dependent manner.

Considering the zeta potential after the addition of NIAC, it
became progressively more negative, reaching -33.0 + 2.8 mV
at 30 mg mL?, probably due to the full deprotonation of NIAC
at pH 7.0 as mentioned before. The shift of zeta potential to
lower values by increasing the total concentration also
supports the presence of NIAC on the surface of the structure.
Moreover, a zeta potential with an absolute value greater than
30 mV would typically suggest improved colloidal stability due
to electrostatic repulsion; however, the concurrent increase in
Dn and PDI at 20 mg mL? implies that additional mechanisms
may overcome electrostatic stabilization and promote
aggregation at intermediate concentrations.

Compared to alternative nanocarriers, polymeric micelles
generally demonstrate modest encapsulation efficiency values.
Their intrinsic architecture - consisting of a relatively small
hydrophobic core surrounded by a hydrophilic corona -

resulted in

restricts the available volumetric capacity for drug
sequestration, thereby limiting the payload capacity.*®
Moreover, the thermodynamic driving force for micelle

formation is primarily governed by hydrophobic interactions.
Consequently, drugs that are not strongly hydrophobic are
poorly partitioned into the core and rapidly dissociate upon
dilution in physiological media.*®* The incorporation of
hydrophilic drugs is therefore thermodynamically unfavorable,
resulting in markedly lower drug loading capacities and

10 | J. Name., 2012, 00, 1-3

encapsulation efficiencies compared to hydrophghjg drugs:
This limitation is often identified as a SIPhiFicHRO/GHSTAIO GG
amphiphilic polymeric micelles, which are known to have a low
drug loading capacity when used with water-soluble agents.*®
The encapsulation efficiency (EE%) values obtained for all
three formulations reveal a system capable of entrapping a
hydrophilic compound within a micellar structure, although
the overall efficiencies remain modest. This outcome aligns
with literature reports describing similar behaviors for
hydrophilic molecules such as niacinamide, which tend to
partition preferentially into the aqueous phase rather than the
hydrophobic micellar core. At 10 mg mL?! , the formulation
exhibited an EE% of 5.58 indicating that micellar structures
formed efficiently and were capable of incorporating
niacinamide even at relatively low polymer concentrations.
Although the encapsulation efficiency at this concentration
was limited, it highlights the ability of the system to achieve
drug loading despite the molecule’s hydrophilic nature and low
affinity for hydrophobic environments. Increasing the polymer
concentration to 20 mg mL? led to the highest EE% (9.0%).
This enhancement can be attributed to the higher availability
of hydrophilic polymer chains and the formation of a larger
number of micellar aggregates, which provide more sites for
drug association. At the highest concentration tested, 30 mg
mL?, the EE% slightly decreased. This result could indicate that
excessive polymer content alters the micellar organization or
increases the viscosity of the dispersion medium, hindering
drug diffusion into the micellar core. Overall, the observed
trends suggest that polymer concentration plays a key role in
modulating encapsulation capacity, and fine-tuning this
parameter could positively influence drug loading efficiency.

In vitro skin permeation study of NIAC in polymeric
nanoparticles

The cumulative amount of NIAC permeated per unit area for
the three polymeric nanoparticles is presented in Table 10 and
Fig. 5. The 10 mg mL* formulation exhibits a lag time of around
3 hours, followed by a gradual and sustained permeation
process that achieves a cumulative value of 11.8 pg cm= within
24 hours. This behaviour is consistent with the small micelle
size and low polydispersity index observed, which are
indicative of a stable micellar system tending toward
homogeneity. The initial delay in permeation observed could
be attributed to the high structural stability, which limits the
release of the encapsulated drug.*” Despite the relatively
modest encapsulation efficiency, not all of the free
niacinamide is immediately available for diffusion. In fact, it
takes time for the system to reach dynamic equilibrium
between the free fraction and the fraction associated with the
micelles. the niacinamide

Once equilibrium is reached,

becomes progressively available, resulting in constant,
controlled diffusion over time. This is indicative of an efficient,
thermodynamically balanced release process. By contrast, the
20 mg mL?! formulation showed immediate release (no lag

time) and the highest cumulative permeation (~11.9 pg cm?).

This journal is © The Royal Society of Chemistry 20xx
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Table 10 Cumulative amount of NIAC (ug cm 2) permeated per unit area = SD

Time Points 10 mg mL?
3h 0.00+0.33
6h 3.51+0.93
12h 8.31+0.93

24h 11.77 +£0.79
—— 10 mgmL™

16

Cumulative amount permeated per unit
area (ug cm?)

0 5

10

Fig. 5 Cumulative amount of NIAC (ug cm2) permeated per unit area

20 mg mL? 30 mg mL?
2.40+0.35 0.00

4.54+0.29 0.00 + 0.46
8.36 +1.96 2.63+£0.37
11.92+1.82 5.95+0.50

—#—20 mg mL™" 30 mg mL™

15 20 25 30

Time (h)

This aligns with the diffusive flow equation:

J = (DnCsm/L) (¢, /Csv),

where Dy, is the diffusion coefficient in the membrane, Cs,
the drug solubility in the membrane, ¢, the drug
concentration in the vehicle, cg,, its solubility in the vehicle,
and Lthe membrane path length.®® As ¢, /c, increases, flux
rises, steepening the concentration gradient and accelerating
permeation. In contrast, the 30 mg mL? formulation exhibited
a prolonged lag (~6 h), lower cumulative permeation (~5.9 ug
cm?; ~half of 20 mg mL?'), and overall slower kinetics.
Increasing micelle/polymer content promotes transient
polymer—micelle networking that elevates zero-shear viscosity,
suppresses molecular mobility, and lowers ionic conductivity—
hallmarks of fewer freely mobile species.*® Indeed, the higher
viscosity and micellar density at 30 mg mL? likely hinders
niacinamide diffusion and prolongs lag time. Stronger drug—
polymer interactions at high concentration may further slow
drug release from micelles, lowering thermodynamic activity and
thereby reducing membrane permeation efficiency.

Niacinamide skin retention

The NIAC retention in human stratum corneum is provided in Fig. 6
and Table 11, while the NIAC retention percentage is also given in
Fig. 6. The physical-chemical balance of the micellar system has a

This journal is © The Royal Society of Chemistry 20xx

decisive influence on its ability to interact with the skin surface and,
consequently, on the skin retention of the encapsulated compound.
The 10 mg mL? formulation resulted in the highest cumulative
retention of niacinamide in the human stratum corneum after 24
hours, both in terms of absolute quantity (7.21 + 0.67 pg) and as a
percentage of the applied dose (6.80 + 0.63%). In contrast, the 20
mg mL* and 30 mg mL? formulations showed lower values (5.28 *
0.89 ug - 7.47 + 2.34 pg, respectively), equal to 2.52 + 0.45% - 2.39 +
0.75% of the applied dose. These results indicate that the weakly
negative zeta potential observed for the 10 mg mL? formulation (-
8.3 + 2.4 mV), together with its optimal size (189.9 + 10.8 nm) and
colloidal homogeneity (PDI: 0.456), plays a decisive role in
promoting more effective interaction with the lipid matrix of the
stratum corneum and, consequently, superior skin retention of the
active ingredient. This profile represents an optimal condition, in
which the repulsive forces towards the epidermal surface are
attenuated, while maintaining a sufficient charge to ensure colloidal
stability. Conversely, the increase in zeta potential negativity in the
20 mg mL* and 30 mg mL? formulations (-23.8 £3.9 mV and -33.0 +
2.8 mV, respectively) intensifies electrostatic repulsion from the
larger size and greater

skin surface and combined with

polydispersity, reduces skin retention.

J. Name., 2013, 00, 1-3 | 11
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Regarding the polymeric nanoparticles, results suggest a
comparable delivery performance to the reference solution
with improved permeation demonstrated in most cases,
although skin retention was found to be lower. As discussed
above, incorporation of hydrophilic molecules into polymeric
micelles is thermodynamically unfavorable and typically yields
modest encapsulation efficiency values, as observed for
niacinamide in the present study. Additionally, the significantly
lower NIAC concentration employed in the polymeric

eutics |20

Journal Name

nanocarriers, in comparison to both the reference sglution-and
the lipid nanoparticles, should be take®! iRt®3eGrEideriion
when interpreting these findings. Despite the restrictions, the
permeation profiles indicate that polymeric nanoparticles may
facilitate niacinamide transport across the skin and should be
further investigated.

Overall, both lipid- and polymer-based nanocarriers led to
interesting findings, and their clinical value should be
elucidated more extensively through in vivo studies.

Table 11 Cumulative NIAC retention in human stratum corneum for NIAC polymeric nanoparticles and cumulative NIAC retention percentage in human stratum corneum (mean +

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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SD, n=6)
10 mg mL?
NIAC skin retention (pg) 7.21+0.67
% NIAC skin retention 6.80+0.63
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20 mg mL? 30 mg mL*?
5.28+0.89 7.47 £2.34
2.52+0.45 2.39+0.75

Materials and Methods
Materials

For the preparation of LNPs LIPOID PG 16:0/16:0 (1,2-
Dipalmitoyl-sn-glycero-3-phosphoglycerol sodium salt, DPPG-
Na) PHOSPHOLIPON® 90 H (Hydrogenated
Phosphatidylcholine from Soybean) were purchased from
Lipoid GmbH (Ludwigshafen am Rhein, Germany). Kolliphor®
P407 Geismar (poloxamer 407) was obtained from BASF
Corporation (8404 River Road, Geismar, LA 70734, USA).

Chloroform and methanol of HPLC-Grade served as organic
solvents for the lipids. Niacinamide was bought from Fagron

and

Hellas (Trikala, Greece). Glycerin and Propylene Glycol were
bought from Chemco®-Syndesmos (Athens, Greece).

For the high-performance liquid chromatography (HPLC)
analysis and niacinamide extraction, acetonitrile, water and
methanol of HPLC-Grade were used. For the IVPT, HPLC-grade
water, sodium phosphate monobasic dihydrate and sodium
hydroxide were used. All materials were of pharmaceutical
grade.

Design of Experiments

The analysis of the Experimental Design results was performed
using the Design- Expert® Software Version 11 (Statease,
Minneapolis, USA).

A factorial experimental design with two factors at three levels
was applied. The factors and their limits, as well as the DoE
matrix are shown at Tables 12 and 13 respectively.

Preparation of lipid nanoparticles

Stock solutions of the two lipids were prepared. For HSPC, the
concentration of the solution was 20 mg mL?, and it was
achieved by dissolving the lipid in the appropriate amount of
chloroform, whereas for PG, the concentration of the solution
was 1 mg mL? and the solvents used were chloroform and
methanol at a 9:1 volume ratio. As mentioned before, the lipid
nanoparticles were prepared with the thin film hydration
method. Each time appropriate amount of stock solutions was
added in a round flask and then the organic solvents were
evaporated using a rotatory evaporator, to leave behind a thin,

This journal is © The Royal Society of Chemistry 20xx
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Factor Variable  Type Units Low (-1)  Center (0) High(1)
A PG Numeric  mg mL? 0.0 0.5 1
B CollC  Numeric mgmL? 10.00 20.00 30.00

Table 13 Experimental design matrix showing coded and actual levels of independent variables - with 4 repetitions (2 at the central point and 1 at each extreme value of PG)

Run Coded A Coded B
12 -1 -1
2 -1
10 -1
-1 1
4 0 -1
0
9 0
11 0 0
13 0 1
1 1 -1
5 1
8 1
6 1 1

dry lipid film on the walls of the flask. The LNPs are finally
obtained by hydrating the thin film with water of HPLC-Grade
for the pure nanocarriers and with NIAC aqueous solution 1%
w/v for the loaded systems. The temperature during the
hydration phase was 60 °C and it was chosen based on the
transition temperatures (Tm) of the lipids (~55 °C for HSPC and
~41 °C for PG). For further size reduction of the LNPs, bath
sonication was performed using an ultrasonic bath (ElImasonic
S, Elma, Germany) for 15 minutes at 60 °C under continuous
operation to keep bilayers fluid during the procedure.>%°! The
temperature was controlled throughout the procedure with
the built-in heating system of the ultrasonic bath. The
sonication conditions were selected based on prior research
utilizing HSPC liposomal formulations.>?

Preparation of polymer nanoparticles

Polymeric micelles were prepared using the bath sonication
method. The water bath temperature was maintained at 45 °C
throughout the process using a digital temperature controller.
Three blank micellar formulations with polymer concentrations
of 10 mg mL?, 20 mg mL?, and 30 mg mL?! were initially
prepared to assess the effect of polymer concentration on the
physicochemical properties of the micelles, while all process
parameters (temperature, sonication time, and cycle
conditions) were kept constant. Subsequently, three
niacinamide-loaded formulations were prepared at the same
concentrations with a polymer-to-drug ratio of 9:1. Each
preparation cycle consisted of three sonication steps of 10
minutes, each separated by 10 minutes of break. These breaks

This journal is © The Royal Society of Chemistry 20xx

PG (mg mL?) ColIC (mg mL?)
0.0 10.00
0.0 20.00
0.0 20.00
0.0 30.00
0.5 10.00
0.5 20.00
0.5 20.00
0.5 20.00
0.5 30.00
1.0 10.00
1.0 20.00
1.0 20.00
1.0 30.00

were introduced to allow annealing, thereby facilitating the
stabilization of the system into a new metastable state and
promoting the self-assembly of the polymer into micellar
structures

Physicochemical characterization

The size (hydrodynamic diameter, Dy), size distribution
(polydispersity index, PDI) and zeta potential of the herein
developed nanoparticles were assessed by dynamic and
electrophoretic light scattering (DLS and ELS) techniques.
Particle size and polydispersity index were measured on a
HORIBA nanoPartica SZ-100 (V2 series) using DLS at a 90°
scattering geometry with a 532 nm laser, under temperature
control (25 °C). Samples were diluted in HPLC grade water to
minimize multiple scattering; the refractive index and viscosity
of the medium were entered into the software prior to
analysis. For each sample, 3 runs were collected and the Z-
average hydrodynamic diameter and PDI (cumulants analysis)
were reported. Zeta potential was determined by laser
Doppler electrophoresis in disposable zeta cells with built-in
electrodes. A background electrolyte was used to control ionic
strength; pH was adjusted as required. Electrophoretic
mobility was converted to zeta potential using the
Smoluchowski model and results are reported as mean + SD
from 3 replicates.

Encapsulation efficiency

Encapsulation efficiency (% EE) of niacinamide was measured
by using a dialysis method. Firstly, 500 pL of NIAC-loaded lipid

J. Name., 2013, 00, 1-3 | 13
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or polymeric nanoparticle dispersion was added into cellulose
dialysis tubing with a molecular weight cut-off (MWCO) of
12,000 Da (Sigma-Aldrich, Rancho Dominguez, CA, USA). The
dialysis sack was then sunk into a beaker containing 25 mL of
HPLC-grade H,0 and stirred for 30 minutes at 700 rpm at room
temperature (25 °C). Afterwards, a sample of the solution was
withdrawn and the amount of non-encapsulated NIAC in the
external dialysis medium was quantified by HPLC, as described
in detail in the corresponding section.

The encapsulation efficiency (EE%) of niacinamide within the
nanoparticles was finally calculated using the following
equation:

EE% = Encapsulated Niacinamide/ Total Niacinamide x 100

Reference formulation preparation

A niacinamide solution 4.5 % w/v was prepared for HPLC
analysis, as a reference of the permeation study. The reference
solution was formulated by dissolving the appropriate amount
of NIAC to a mixture of HPLC water, Glycerin and Propylene
Glycol at a volume ratio of 67:5:27.

The reference formulation derives from previous studies in our
lab, where the 3 solvents, water, glycerin, and propylene
glycol, were chosen based on literature,>3 and the utilization of
the Formulating for Efficacy™ (JW Solutions) software. The
selected solvent ratio was a result of an optimization study
with the use of Design of Experiments, targeting maximal
thermodynamic activity at 95% of the saturation concentration
in the formulation, aiming to achieve maximal transdermal
permeation.

HPLC analysis

UV/Vis analysis using a Shimadzu PharmaSpec UV-1700 UV/Vis
spectrophotometer (Shimadzu Europa GmbH) was performed
solely for the determination of the maximum absorption
wavelength (Amax) of niacinamide, which was found to be 254
nm.

All quantitative analyses, including encapsulation efficiency,
skin permeation, and skin retention, were performed using
HPLC with UV detection, based on the method described by
Thomas et al.>* The HPLC system consisted of a high-pressure
pump (P1000, Spectra Physics, USA), an automatic sampler
(AS1000, Spectra Physics, USA), a system control unit (Spectra
System SN 4000, Thermo Separation Products, USA), and a UV-
Vis detector (Spectra System 2000, Thermo Separation
Products, USA). The Intersil ODS-2 column (250 x 4.6 mm, 5
um) was selected as the stationary phase. Chromatographic
analysis was performed using a mobile phase of MeOH and
0.02 M phosphate buffer (40:60, pH 5.5) at a flow rate of 1.0
mL/min. UV detection was set at A = 254 nm with an injection
volume of 50 pL and NIAC exhibited a retention time of 3.45
min under these conditions.

Limit of Detection (LOD) and Limit of Quantification (LOQ)
were calculated based on signal-to-noise ratio (S/N). Noise
multiplied by 3.3 for LOD and 10 for LOQ. LOD and LOQ were
estimated to be 0.2463 pg mL' and 0.7463 pg mL7,
respectively. According to the above values, calculated from

14 | J. Name., 2012, 00, 1-3

calibration curve data, all the HPLC analysis results,are.@bove
the limit of detection and limit of q@anhtifi¢aEiRoBHEORRAYUS
confirm the validity of the analytical method. Linearity was
assessed by ANOVA analysis using GraphPad Instat 3.05 (USA)
to determine the correlation coefficient (R) and P value. The
standard calibration curve was linear in the range of 1-10 pg
mL" (R > 0.999 and P < 0.0001). For samples with higher
concentration levels, a second calibration curve in the range of
1-50 pug mL" was also utilized, where the LOD and LOQ were
calculated to be 0.9082 pg mL' and 2.7520 pg mL7",
respectively.

In Vitro Permeation Study

Cumulative skin permeation was assessed with vertical Franz
diffusion cells of total volume 6.275 mL and total area
available for diffusion 0.636 cm?, mounted with human
stratum corneum. Human epidermis was excised according to
heat separation protocol and stored in refrigerator at - 15 + 2
°C. The amount of each formulation (the three LNPs with 1
NIAC %, the three NIAC polymeric nanoparticles and the
reference solution 4.5 %) placed in the donor compartment, to
ensure uniformity, was approximately 100 mg. The experiment
was performed in a water bath with a stable temperature at
32 °C £ 1, under magnetic stirring at 600 rpm. Franz cells with
human stratum corneum were left for 12 h with the receptor
solution in the water bath before the initiation of the
experiment, for the stratum corneum to hydrate. For each
formulation, 6 cells were used. Receptor fluid was PBS
solution, with pH 7.4 and the selection was based on a
previous study from Lee.? The total volume of the receptor
fluid was sampled and replaced with fresh receptor fluid, at 3,
6, 12 and 24 h. Samples were analysed undiluted.

Mass balance

To ensure the validity of the permeation results and depict
more accurately niacinamide’s distribution in the tissue, mass
balance calculations were performed. NIAC from the donor
compartment was extracted, to calculate the amount that did
not leave the formulation to penetrate and permeate the
human stratum corneum. The donor compartment was
washed 5 times with extraction solution (PBS solution pH 7.4).3
The diluents were accumulated in volumetric flasks and diluted
to 100 mL, with extraction solution. Samples were then diluted
accordingly and quantified by using HPLC-UV method.
Niacinamide retained in the human stratum corneum was
quantified after extraction from the tissue in test. Extraction
solution (1 mL) was placed with the entire ex vivo tissue from
each Franz cell in a 1.5 mL Eppendorf tube and kept
refrigerated overnight, followed by centrifugation at 5000 rpm
for 5 min at 25 °C using a HERMLE Type Z 32 HK centrifuge
(Labortechnik GmbH, Germany). The supernatant was diluted
accordingly to be analyzed with HPLC.40

Statistical analysis

For the analysis of the obtained raw data, Excel® (Microsoft
Office 365) was used. Statistical analysis (normality test,
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(ec)

ANOVA, paired t-test and Tukey’s multiple comparisons test)
was performed with GraphPad Prism 10.5.0. (GraphPad
Software®). Statistical differences were considered significant
at p < 0.05. Results are expressed as mean values + SD.

Conclusions

1% NIAC was successfully formulated in PG nanoparticles,
prepared by a simple thin-film hydration method. The effects
of PG and colloidal concentration on physicochemical
properties, as well as on the encapsulation efficiency of NIAC,
were determined and optimized with the use of Design of
Experiments (DOE). Results showed that incorporation of PG
favorably influences both responses. In vitro skin permeation
testing (IVPT) using Franz diffusion cells demonstrated
substantially improved skin permeation and retention of NIAC
from the two optimal formulations compared to both a non-
optimal nanocarrier and a NIAC solution with a significantly
higher concentration (4.5%). Additionally, three NIAC
polymeric micellar systems were prepared using bath
sonication and evaluated in vitro. Overall, the results showed
that increasing the total polymeric and compound
concentration does not lead to a proportional increase in
transdermal permeation; rather, the physicochemical and
colloidal properties of the system have a decisive influence on
diffusion kinetics. The 10 mg mL? formulation appears to be
the most promising micellar system for transdermal delivery of
niacinamide, balancing between colloidal stability, structural
homogeneity, and release capacity, while also providing
controlled and steady permeation. This study explores the
potential of PG nanoparticles and highlights the importance of
nanocarrier optimization for enhancing delivery through skin.
It could be a valuable roadmap for formulation scientists to
refine, verify, and advance LNP formulations, while it also
demonstrates the potential of polymeric nanoparticles for
improved transdermal delivery, even of highly hydrophilic
substances.
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