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ABSTRACT

Despite many efforts to improve the transdermal permeability of drugs, most of them are 
blocked by the skin barrier. Niacinamide (NAC) is a Biopharmaceutics Classification System 
class I drug with high aqueous solubility and intestinal permeability. Due to the high solubility 
and intestinal permeability of NAC, the development of new formulations is insufficient as 
transdermal, injection etc. Thus, this study aimed to develop the novel NAC formulation with 
improved skin permeability and secured stability. The NAC formulation approach is to first 
select a solvent that improves skin permeability, and then select a second penetration enhancer 
to determine the final formulation. All formulations were evaluated for skin permeability using 
an artificial membrane (Strat-M®). The optimal formulation (non-ionic formulations (NF1) 
consisted of NAC/Tween®80 = 1:1 weight ratio in dipropylene glycol [DPG]) showed the 
highest permeability in all formulations in PBS buffer (pH 7.4). The thermal properties of NF1 
were altered. Moreover, NF1 maintained a stable drug content, appearance, and pH value for 
12 months. In conclusion, DPG had an excellent effect in increasing the NAC permeation, and 
Tween®80 played a boosting role. Through this study, an innovative NAC formulation was 
developed, and good results are expected for human transdermal research.

Keywords: niacinamide; dipropylene glycol; in vitro permeability test; artificial membrane
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1. Introduction

Disease treatment has been important ever since, and choosing the appropriate route of 
administration is essential for effective treatment. The oral route of drug administration is the 
most common, followed by injection (Carillon et al., 2013). There are not only several studies 
have been conducted on transdermal delivery, but thousands of them (patches and lotions are 
also available for external use) for years (Nayak et al., 2018; Santos et al., 2018; Sohn and 
Choi, 2021). However, transdermal drug delivery is difficult because it is not easy for a drug 
to penetrate the stratum corneum (Som et al., 2012). The stratum corneum is the outermost 
layer of the skin and serves as a main barrier to drug penetration. The human stratum corneum 
consists of a layer of dead, keratinized cells with an intercellular matrix consisting mainly of 
ceramides, cholesterol, and free fatty acids (Zhang et al., 2019b). Therefore, it is important to 
identify the substances that enhance skin penetration.

The model drug, niacinamide (NAC), is a freely water-soluble vitamin B3. Its beneficial 
effects include anti-inflammatory, antioxidant, prevention of UV-induced immunosuppression, 
skin whitening effects (Hakozaki et al., 2002; Iliopoulos et al., 2020; Zhang et al., 2020). 
Niacinamide (NAC) is a Biopharmaceutics Classification System class I drug with high 
aqueous solubility and intestinal permeability. For this reason, only tablets and capsules have 
been developed and have limitations in formulation.

Many researchers have used solvents and permeation enhancers to deliver drugs 
transdermally. To improve the transdermal permeability of NAC, propylene glycol (PG), 
dipropylene glycol (DPG), polyethylene glycol 400 and 600 (PEG 400 and PEG 600), dimethyl 
isosorbide (DMI), t-butyl alcohol (T-BA), Transcutol® P (TC), lemon oil, oleic acid, aloe, 
linolenic acid, and caprylic/capric triglyceride have been used in previous studies (Iliopoulos 
et al., 2020; Jafri et al., 2019; Zhang et al., 2019a; Zhang et al., 2019b; Zhang et al., 2020). The 
above studies developed formulations and applied it to actual artificial skin or animal skin. 
However, most formulations have low permeability and high standard deviation (SD). An 
important part of the study is not only formulation development but also accurate evaluation. 
The evaluation of the in vitro permeation of the products was less accurate. However, a product 
called the Strat-M® membrane (Sigma-Aldrich Inc., St. Louis, MO, USA) that can replace 
animal testing has emerged. This has the advantage of not being subject to ethical issues when 
conducting research. In addition, many research results similar to those of the Strat-M® 
membrane, animal skin, and human skin are available (Arce Jr et al., 2020; Kaur et al., 2018; 
Touti et al., 2020). It is simple and easy to experiment on and has the advantage of saving time 
and research cost compared to animal experiments. Moreover, Strat-M® membrane has a good 
reproducibility (standard deviation; SD) compared to animal skin and human skin.

Strat-M® membrane was divided into three main layers. The upper layer is composed of a 
layer similar to the stratum corneum, the middle layer is composed of layer (two porous layers 
of polyethersulfone) similar to the dermis in the skin and the lower layer is composed of 
polyolefin non-woven similar to the subcutaneous tissue. Strat-M® membrane is treated with 
synthetic lipids that resemble human skin (Haq et al., 2018).

NAC is known to have high water solubility and low pKa (3.35), so that it has good 
permeability compared to other water-soluble drugs (Park et al., 2019). It was hypothesized 
that the permeability would be improved by using a polyol-based solvent with high 
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permeability. The difference between this study and the previous studies was that it was 
developed for external use in this study due to the lack of development of a new formulation 
due to the high solubility and intestinal permeability of NAC. This study aimed to develop the 
NAC formulation with improved permeability in the Strat-M® membrane. Moreover, it is to 
develop the formulation that has both permeability and stability by securing the stability of the 
liquid phase. Therefore, the following approaches were prepared: First, the base formulations 
(B) were prepared to select the solvent, including distilled water (DW), phosphate-buffered 
saline (PBS pH7.4), butylene glycol (BG), and dipropylene glycol (DPG), propylene glycol 
(PG), and polyethylene glycol 400 (PEG 400). Second, the enhancer was added to the selected 
solvent to enhance the skin penetration of NAC as non-ionic polymer formulations (PF), 
cationic formulations (CF), anionic formulations (AF), and non-ionic formulations (NF) were 
prepared with non-ionic polymer, cationic, anionic, and non-ionic agents, respectively. The 
third is an in vitro study for each evaluation (including solubility test, physicochemical 
properties, stability, and in vitro permeability test) (Fig. 1).

2. Materials and Methods

2.1 Materials

Niacinamide 99.5% (nicotinamide, NAC), hexadecyltrimethylammonium bromide 98.0%, 
benzalkonium chloride 95.0%, alkyltrimethylammonium bromide 95.0%, dodecylamine 
98.0%, cetylpyridinium chloride 98.0%, sodium dodecyl sulfate (SDS) 98.5%, Tween®80 
(polysorbate 80), Tween®20 (polysorbate 20), Span®20 (sorbitan laurate), phosphate-buffered 
saline (PBS pH 7.4) powder, and Strat-M® Membrane (25mm) were purchased from Sigma-
Aldrich Inc. (St. Louis, MO, USA). TEGOSOFT® CT was obtained from Evonik (Essen, 
Germany). Butylene glycol 99.0% (BG), dipropylene glycol 97.0% (DPG), and propylene 
glycol 99.0% (PG) were purchased from Samchun Pure Chemical Co., Ltd. (Pyeongtaek, 
Korea). Polyethylene glycol 400 was purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). 
Polyoxyethylene (160) and polyoxylpropylene (30) glycol (Kolliphor® P188), polyoxyethylene 
(196) and polyoxylpropylene (67) glycol (Kolliphor® P407), Polyethylene glycol 6000 
(PEG6000), polyvinyl alcohol-polyethylene glycol graft copolymer (Kollicoat® IR), 
polyvinylpyrrolidone (Kollidon® K12), macrogol 15 hydroxystearate (Kolliphor® HS 15), 
polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus®), and 
D-α-tocopherol polyethylene glycol 1000 succinate (TPGS) were obtained from BASF 
(Ludwigshafen, Germany). PVP/VA S-630 was obtained from ISP Technologies Inc. (Wayne, 
NJ, USA).

2.2. Preparation of the NAC formulations

The base formulations (B) were prepared with DW, PBS (pH7.4), BG, DPG, PG, and PEG 
400 (Table 1). Briefly, NAC (100 mg) was dissolved in 10 mL of the above solutions using a 
multichannel stirrer operating at 500 rpm for 60 min at 32 ± 1.0°C.

Non-ionic polymer formulations (PF) were prepared using non-ionic polymers (Table 2). 
After permeability evaluation of B, DPG was selected as the solvent, and non-ionic polymers 
were added. Briefly, NAC (100 mg) and non-ionic polymers (P188®, P407®, PEG 6000, IR®, 
K12®, PVP/VA S630, TPGS, HS-15®, and Soluplus®) were dissolved in DPG (10 mL) and 
then same process of B formulation.
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CF, AF, and NF were prepared with cationic, anionic, and non-ionic agents, respectively 
(Table 3). The CFs were prepared; NAC (100 mg) and cationic agents 
(hexadecyltrimethylammonium bromide, benzalkonium chloride, alkyltrimethylammonium 
bromide, dodecylamine, and cetylpyridinium chloride) were dissolved in DPG (10 mL) and 
then same process of B formulation. The AF was prepared; NAC (100 mg) and SDS were 
dissolved in DPG (10 mL) and then same process of B formulation. The NFs were prepared by 
dissolving NAC (100 mg), and non-ionic agents (Tween®80, Tween®20, Span®20, and 
TEGOSOFT® CT) were dissolved in DPG (10 mL) and then same process of B formulation.

2.3. UV-vis spectrophotometry

The drug content and permeability (%) of NAC were evaluated using a spectrophotometer 
(X-ma 1000; Human Co., Korea) at 254 nm (Park et al., 2019). The drug content of each 
formulation was confirmed using quantitative testing. Each formulation (100 μL) was diluted 
with 900 μL of PBS (pH7.4) and diluted once more at the same ratio. All samples were 
measured in triplicate, and the results were derived using a calibration curve (Coefficient of 
determination [R2] = 0.9992).

2.4. In vitro permeation test

The Strat-M® membrane (polyethersulfone and polyolefin membrane [synthetic lipid 
posttreatment]; diameter [ϕ] 25 mm and thickness 300 μm) and donor chamber were assembled, 
and the receptor chamber was filled with 8 mL of PBS (pH 7.4) using a magnetic stirrer (Hajjar 
et al., 2018; Odrobińska et al., 2020). All samples (NAC concentration of 10.0 mg/mL [1 mL]) 
was added to the donor chamber. The sample was stirred at a constant speed of 500 rpm for 24 
h at 32 ± 1°C. Samples were withdrawn at 1, 2, 4, 8, and 24 h and then evaluated using a UV-
vis spectrophotometer (n = 3).

2.5. Physicochemical properties of the NAC-formulations

The pH values of the NAC formulations were measured using an Ohaus Starter 3100 pH 
meter (Ohaus, MA, USA) at 20 ± 1°C (n = 3). All samples were diluted with 1/10 in DW.

NAC, Tween®80, and DPG, which are components of NF1, the final selected formulation, 
and blank NF1 were evaluated for chemical structure and thermal characteristics evaluation.

The chemical structures of pure NAC, Tween®80, DPG, blank NF1 (BNF1), and NF1 were 
confirmed using a Fourier transform infrared (FT-IR) spectrometer (Nicolet 6700, Thermo 
Scientific, USA). The spectra were recorded in the frequency range of 4,000–500 cm−1 at a 
resolution of 2 cm−1.

The thermal properties of pure NAC, Tween®80, DPG, blank NF1 (BNF1), and NF1 were 
evaluated using a differential scanning calorimetry (DSC) 60A instrument (Shimadzu, Japan). 
These powder samples (2–3 mg) were placed in hermetically sealed aluminum pans and heated 
from 5°C to 280°C at a scanning rate of 10°C/min under a 40 mL/min nitrogen purge.

2.6. Stability
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The NAC formulations were subjected to a stability test including appearance, drug content, 
and pH value for 12 months. The NAC formulations were stored as a solution in capped glass 
vials, and their stability was evaluated under laboratory environmental conditions (temperature 
20–25°C, relative humidity 50%–60%). In the case of appearance, color change or the presence 
of sediment was observed. The pH values of the stability samples were measured, and the drug 
content was measured in stability samples diluted with PBS (pH7.4) and then by using a UV-
vis spectrophotometer (n = 3).

2.7. Statistical analysis

Statistical analysis was performed using Student’s t-test on SigmaPlot (ver. 12.5; SYSTAT, 
Inc., Chicago, IL, USA). Data are expressed as the mean ± standard deviation (SD). In all 
analyses, p < 0.005 (***), p < 0.01 (**), and p < 0.05 (*) indicated statistical significance. 
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3. Results

3.1 Characterization of the NAC formulations

Niacinamide (NAC) is a Biopharmaceutics Classification System class I drug with high 
aqueous solubility and intestinal permeability. NAC is a water-soluble drug, with no solubility 
problem. Therefore, this study aimed to improve the transdermal permeability of NAC for the 
diversification of formulations. The first approach is a solvent that can enhance the 
permeability of the NAC. To confirm the permeability of NAC, DW was used as a control, and 
PBS (pH 7.4), BG, DPG, PG, and PEG 400 solutions were compared. B (1–6) formulations 
were prepared with a clear solution, and all of the NAC were fully dissolved. Through the 
permeation test of B (1–6) formulations, B4 formulation was selected the DPG as the solvent 
with highest permeability, among them (Fig. 2a). Thus, PF (1-10) formulations were developed 
by adding non-ionic polymers to B4 formulation. Except for PF (4–5), all PF were prepared in 
a clear solution state. The prepared PF4 (PEG 6000) and PF5 (IR®) showed a turbid solution, 
because PEG 6000 and IR® were considered to have low solubility in DPG. Moreover, PF 
(2–3) formulations were precipitated 1 h after preparation. These results suggest that the 
solubility of P188® and P407® in DPG solution decreased when the temperature was lowered 
to room temperature after stirring at 32 ± 1°C during preparation. Precipitation was also 
confirmed during the preparation of blank formulations of PF (2–5) formulations. CF, AF, and 
NF were developed by adding various cations, anion, and non-ionic agents to PF1 (B4) 
formulation. All CF, AF, and NF formulations were clear solutions.

The drug contents and pH values of All formulations were represented in Table 4. The drug 
contents of B (1–6) formulations showed from 9.99 ± 0.42 mg/mL (B1) to 10.12 ± 0.23 mg/mL 
(B6). There was no change in the drug content in each solvent. The pH values of B (1-6) 
formulations showed from 6.41 ± 0.07 (B1) to 4.83 ± 0.06 (B6). The pH of B (1–6) was the 
same as that of the pH of each solution, either blank or B formulations. The drug contents of 
PF formulations showed from 10.03 ± 0.41 mg/mL (PF1) to 10.22 ± 0.13 mg/mL (PF10). There 
was no change in the drug content in each formulation. The pH values of the PF formulations 
showed from 5.83 ± 0.09 (PF1) to 4.58 ± 0.08 (PF10). CF, AF, and NF were developed by 
adding various cations, anion, and non-ionic agents to PF1 (B4) formulation. All CF, AF, and 
NF formulations were clear solutions. The drug content of formulations showed from 10.02 ± 
0.20 mg/mL (CF1) to 10.01 ± 0.09 mg/mL (NF4). There was no change in the drug content in 
each formulation. The pH values of samples (CF, AF and NF) showed from 5.91 ± 0.08 (CF1) 
to 5.96 ± 0.08 (NF4). CF4 (dodecylamine) was originally a basic substance and also affected 
formulations. The solubility of NAC in different solvents is not an issue as the drug content of 
NAC formulations contain almost 100%.

3.2 Permeation study

An artificial membrane, Strat-M®, was used for the permeation test of NAC formulations. 
It can be seen that B4 (DPG) permeates NAC significantly compared to other solvents in B 
formulations (Fig. 2a). For 24 h, the permeations of B (1-6) were 1,123.8 ± 606.4 μg/cm2 (B1), 
882.4 ± 406.8 μg/cm2 (B2), 650.3 ± 118.5 μg/cm2 (B3), 9,118.2 ± 696.5 μg/cm2 (B4), 6,171.4 
± 437.3 μg/cm2 (B5), and 429.2 ± 104.2 μg/cm2 (B6). Moreover, the permeations (%) of B 
(1-6) were 6.8 ± 3.7% (B1), 5.4 ± 2.4% (B2), 3.9 ± 0.7% (B3), 55.9 ± 4.2% (B4), 37.8 ± 2.6% 
(B5), and 2.6 ± 0.6% (B6) for 24 h. The analysis results of B4 were significantly different (p < 



9

0.005, Student’s t-test) from those of the other formulations. 

The PFs (2–5) formulations were excluded due to precipitation, and a permeability test was 
performed. The PF8 (TPGS) formulation showed slightly higher permeability than the other 
PF formulations (Fig. 2b). For 24 h, the permeations of the samples were 9,118.2 ± 696.5 
μg/cm2 (PF1), 8,573.7 ± 998.0 μg/cm2 (PF6), 8,227.2 ± 522.1 μg/cm2 (PF7), 9,686.0 ± 694.8 
μg/cm2 (PF8), 8,929.0 ± 1,340.4 μg/cm2 (PF9), and 8,198.1 ± 671.0 μg/cm2 (PF10). Moreover, 
the permeations (%) of the samples were 55.9 ± 4.2% (PF1), 52.5± 6.1% (PF6), 50.4 ± 3.2% 
(PF7), 59.4 ± 4.2% (PF8), 54.7 ± 8.2% (PF9), and 50.2 ± 4.1% (PF10) for 24 h. Although PF8 
formulation showed the highest permeability result, it showed a slight increase compared to 
that in PF1 formulation (B4), and no significant difference was observed (p = 0.37). The 
analysis results of PF8 formulation were similar to those of the other formulations (p > 0.05, 
Student’s t-test). 

The CF (1–5) formulations showed significantly improved permeability compared to PF1 
formulation (B4) (Fig. 3a). For 24 h, the permeations of the samples were 12,560.1 ± 1,255.2 
μg/cm2 (CF1), 13,078.4 ± 1,685.9 μg/cm2 (CF2), 11,619.5 ± 459.0 μg/cm2 (CF3), 11,605.0 ± 
910.2 μg/cm2 (CF4), and 12,813.4 ± 1,296.9 μg/cm2 (CF5). Moreover, the permeations (%) of 
the samples were 77.0 ± 7.6% (CF1), 80.2 ± 2.8% (CF2), 71.2 ± 2.8% (CF3), 71.2± 5.6% (CF4) 
and 78.5 ± 7.9% (CF5) for 24 h. These results showed that the cation agents definitely improved 
the permeability of NAC than non-ionic polymers. Moreover, the permeability of the AF 
formulation (8,800.8 ± 1,973 μg/cm2, 53.9 ± 12.0%) was lower than that of PF1 formulation 
(B4). The CF2 formulation (benzalkonium chloride) showed a significant increase compared 
to that of PF1 formulation, but the analysis results of CF2 formulation were similar to those of 
other CF formulations, except for the CF3 and AF formulation (p > 0.05, Student’s t-test).

The NF (1–2) formulations showed significantly improved permeability compared to that 
of PF1 formulation (B4)(Fig. 3b). For 24 h, the permeations of the samples were 14,275.2 ± 
430.9 μg/cm2 (NF1), 12,743.5 ± 663.6 μg/cm2 (NF2), 6,526.7 ± 1,927.6 μg/cm2 (NF3), and 
9,493.9 ± 1,051.2 μg/cm2 (NF4). Moreover, the permeations (%) of the samples were 87.5 ± 
2.6% (NF1), 78.2 ± 4.7% (NF2), 40.0 ± 11.8% (NF3), and 58.2 ± 6.4% (NF4) for 24 h. In 
particular, compared with PF1 formulation, the NF3 formulation (span®20) showed 
significantly lower NAC transmittance, and the NF4 formulation (TEGOSOFT® CT) also 
showed lower permeations. The analysis results of NF1 formulation was significantly different 
(p < 0.05, Student’s t-test) from those of the other NF formulations.

In summary, the permeability results of NAC were as follows: 1,123.8 ± 606.4 μg/cm2 (6.8 
± 3.7%) for the control DW-based formulation (B1), 9,118.2 ± 696.5 μg/cm2 (55.9 ± 4.2%) for 
the DPG-based formulation (PF1, [B4]), 9,686.0 ± 694.8 μg/cm2 (59.4 ± 4.2%) for the TPGS-
DPG-based formulation (PF8), 13,078.4 ± 1,685.9 μg/cm2 (CF2) (80.2 ± 2.8%) for the 
benzalkonium chloride-DPG-based formulation (CF2), and 14,275.2 ± 430.9 μg/cm2 (87.5 ± 
2.6%) for the Tween®80-DPG-based formulation (NF1), indicating that the NF1 formulation 
had the highest permeability. The NF1 formulation increased the NAC permeability by 12.7-, 
1.6-fold, 1.5- and 1.1-fold compared to those of B1, PF1 (B4), PF8, and CF2 formulations, 
respectively (Fig. 4). The analysis results of NF1 formulation were significantly different (p < 
0.005, Student’s t-test) from those of other formulations, except CF2 (p < 0.05, Student’s t-
test). The order of flux enhancement on NAC permeation from NAC formulations was N1 > 
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CF2 > PF1 (B4) > PF8 > B1 (Table 5). Moreover, Flux (μg/h/cm2) and Kp (cm/h*10-3) of all 
NAC formulations ware presented in Table S2.

3.3 FT-IR spectroscopy

The interaction between NAC and the excipients in NF1 formulation was evaluated using 
an FT-IR scanner (Fig. 5a). The characteristic FT-IR bands of pure NAC represented N–H 
stretching at 3,360.1 and 3,151.2 cm−1, C–H stretching at 2,788.6 cm−1, C=O stretching at 
1,673.9 cm−1, and C=C stretching at 1,592.9 cm−1 (Trivedi et al., 2015). The characteristic FT-
IR bands of Tween®80 represented –OH stretching vibration at 3,492.5 cm−1, C–H stretching 
at 2,858.3 cm−1, C=O stretching at 1,735.6 cm−1, and C=C stretching at 1,643.1 cm−1 (Wang et 
al., 2018). The characteristic FT-IR bands of DPG represented –OH stretching vibration at 
3,360.1 cm−1, C–H stretching at 2,875.6 cm−1, C=O stretching at 1,735.6 cm−1, and C–C bend 
of diol at 1,656.6 cm−1. The characteristic FT-IR bands of BNF1 (blank NF1) represented –OH 
stretching vibration at 3,360.1 cm−1, C–H stretching at 2,875.6 cm−1, and C–C bend of diol at 
1,656.6 cm−1 (Khaparde et al., 2017). The characteristic FT-IR bands of NF1 represented –OH 
stretching vibration at 3,360.1 cm−1, C–H stretching at 2,875.4 cm−1, and C=O stretching in 
NAC at 1,673.9 cm−1. It was impossible to prepare a physical mixture in a liquid phase with 
NF1 formulation, and it was determined that there is no chemical bond based on the above 
results.

3.4 Thermal properties

The thermal properties of pure NAC, Tween®80, DPG, BNF1, and NF1 formulations were 
evaluated by DSC (Fig. 5b). NAC and Tween®80 displayed one main endothermic peak at 
129.9°C and 109.2°C, respectively. DPG had two main endothermic peaks at 177.1°C and 
268.7°C. The BNF1 (blank NF1) formulation had two main endothermic peaks at 174.1°C and 
261.2°C. NF1 had two main endothermic peaks at 183.8°C and 266.6°C. The difference 
between BNF1 and NF1 was confirmed by thermal property evaluation. As for the main peaks 
of NF1, the DPG peaks were changed compared to those of BNF1, and it was confirmed that 
the main peak of NAC disappeared. Based on these results, the thermal change in the NAC of 
NF1 formulation was confirmed.

3.5 Stability study

The optimal formulation (NF1) was tested for stability, including appearance, drug content, 
and pH value, for 12 months. No change in the appearance of NF1 was observed, and a clear 
solution was maintained for 12 months (Fig. 6). The drug contents of the NF1 showed from 
10.19 ± 0.21 mg/mL (initial) to 10.01 ± 0.15 mg/mL (12M). The pH values of NF1 showed 
from 5.98 ± 0.08 (initial) to 5.95 ± 0.04 (12M) (Fig. 6a). The drug contents and pH values of 
NF1 were maintained for 12 months. Moreover, permeation tests of NF1 showed from 14,275.2 
± 430.9 μg/cm2 (initial) to 14,135.9 ± 598.1 μg/cm2 (12M) at 24 h (Fig. 6b). As a result, it was 
determined that the stability of NF1 formulation was well maintained for 12 months.

4. Discussion

Since NAC is highly soluble in water, most clear formulations could be developed. The pH 
of the formulation was found to be affected by each solvent and additive. Among the polymers, 
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PEG6000 and IR did not dissolve due to low solubility in DPG. In addition, P188® and P407® 
were initially dissolved in DPG, but it was confirmed that they were immediately precipitated 
when stored at room temperature.

An artificial membrane, Strat-M®, was used for the permeation test of NAC formulations. 
It can be seen that B4 (DPG) permeates NAC significantly compared to other solvents in B 
formulations (Fig. 2a). It was confirmed that DPG had a stronger viscosity than DW, but 
improved the permeation of NAC. Except for DPG and PG, other solutions showed lower 
permeability than DW. Both B1 (DW) and B2 (PBS) were expected to be difficult to permeate 
due to the characteristics of Strat-M® membrane. B6 (PGE400) was thought to take longer 
permeation time because of its higher viscosity. B3 (BG) was considered to have a viscosity 
similar to other polyols, but low permeability. DPG not only improves the permeability of NAC, 
but also makes it less irritating to the skin. Undiluted DPG showed mild irritation when 500 
mg was applied to rabbit skin for 24 h (Glycol and Glycol, 1985). In previous studies, the finite-
dose human skin permeation study of ibuprofen with DPG formulation was similar to that of 
PG, but higher than that of tripropylene glycol and PEG 300-based formulations (Patel et al., 
2021). The finite-dose porcine skin permeation study of NAC with the Transcutol®P 
formulation was higher than that of the PG- and DPG-based formulations (Iliopoulos et al., 
2020). Several studies have shown that the permeation of DPG was lower than that of PG, but 
the results were reversed in our study (Fasano et al., 2011; Haque et al., 2017; Iliopoulos et al., 
2020). Since the p-values of the NAC-DPG and PG formulations were also low, we proceeded 
according to the results of this study.

The PF8 (TPGS) formulation showed slightly higher permeability than the other PF 
formulations (Fig. 2b). It was found that depending on the type of non-ionic polymer, it could 
be a factor inhibiting the permeability of NAC. In previous studies, raloxifene-loaded TPGS 
transferosome films showed improved permeation compared to that in raw raloxifene film in 
rat skin (Alhakamy et al., 2019). Moreover, TPGS improved the permeability of several drugs 
(ibuprofen, cyclosporin A, quercetin, etc.) in animal skin (Pham and Cho, 2017). The CF (1–
5) formulations showed significantly improved permeability compared to PF1 formulation (B4) 
(Fig. 3a). These results showed that the cation agents definitely improved the permeability of 
NAC than non-ionic polymers. Moreover, the permeability of the AF formulation (8,800.8 ± 
1,973 μg/cm2, 53.9 ± 12.0%) was lower than that of PF1 formulation (B4). The NF (1–2) 
formulations showed significantly improved permeability compared to that of PF1 formulation 
(B4)(Fig. 3b). Studies on enhancing the permeability of NAC using Tween®20 and Tween®80 
have not yet been conducted. The reason the permeability is lower than that of PF1 formulation 
in all formulations is considered to be due to the increase in viscosity or adsorption by additives.

In previous studies, the finite-dose (5 μL) porcine skin permeation study of NAC with 
Transcutol®P formulation (approximately 50.8 μg/cm2) was higher than that of PG 
(approximately 22 μg/cm2) and DPG (approximately 10 μg/cm2) (Iliopoulos et al., 2020). The 
NAC-Transcutol®P formulation showed a permeation of 32% of the initial NAC concentration. 
The finite-dose (50 μL) of porcine skin permeation of NAC with t-butyl alcohol (approximately 
474 μg/cm2, 18%) and dimethyl isosorbide formulation (approximately 116 μg/cm2, 4.4%) was 
higher than that of Transcutol®P (approximately 39.5 μg/cm2, 1.5%) and PG (approximately 
46 μg/cm2, 2.3%) (Zhang et al., 2019b). The finite-dose (1 μL) mammalian skin permeation 
study of NAC with Transcutol®P/t-butyl alcohol (9:1) and PG/t-butyl alcohol (9:1) formulation 
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(approximately 178 and 150 μg/cm2, respectively) was higher than that of the other 
formulations (Zhang et al., 2019a). The NAC-Transcutol®P/t-butyl alcohol (9:1) and PG/t-
butyl alcohol (9:1) formulations showed a permeation of 79.5% and 71.3% of the initial 
concentration of NAC, respectively. Our results reveal that NF1 showed a skin permeation of 
87.5% of the initial concentration of NAC, which is superior to that in previous studies.

The interaction between NAC and the excipients in NF1 formulation was evaluated using 
an FT-IR scanner (Fig. 5a). It was impossible to prepare a physical mixture in a liquid phase 
with NF1 formulation, and it was determined that there is no chemical bond based on the above 
results. The thermal properties of pure NAC, Tween®80, DPG, BNF1, and NF1 formulations 
were evaluated by DSC (Fig. 5b). As for the main peaks of NF1, the DPG peaks were changed 
compared to those of BNF1, and it was confirmed that the main peak of NAC disappeared. 
Based on these results, the thermal change in the NAC of NF1 formulation was confirmed.

The final formulation, NF1, was a liquid formulation and proved to be a stable formulation 
without changes in appearance, drug content, pH and transdermal permeability for 12 months 
in Fig. 6 (a and b).
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5. Conclusion

A Novel transdermal formulation of NAC was successfully developed. DPG was selected 
as a solvent to improve the permeability of NAC, and NAC formulations were prepared for 
various non-ionic polymers and cationic, anionic, and non-ionic agents as permeation 
enhancers. The permeability of all NAC formulations in the artificial membrane (Strat-M®) 
was evaluated. The optimal NAC formulation (NF1) consisted of NAC and Tween®80 in a 1:1 
weight ratio in DPG solution (10 mL). The NF1 formulation improved NAC permeability by 
12.7-fold compared to that of B1 (consisting of NAC in DW) in PBS (pH 7.4) through the 
Strat-M® membrane for 24h. This is a result of the significantly improved permeability 
compared with that of previous studies. Moreover, the stability of NF1 formulation was 
maintained for 12 months. Since the Strat-M® membrane is recognized as an alternative test 
for animal experiments, it is considered to be accurate for evaluation. As a result, it is expected 
that good results will be obtained in human experiments.
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Table 1

Composition of the base formulations (B). The ratios represent percentage weight to volume 
(w/v).

B1 B2 B3 B4 B5 B6

NAC 1%

DW 10mL

PBS 10mL

BG 10mL

DPG 10mL

PG 10mL

PEG 400 10mL

Niacinamide (NAC), distilled water (DW), butylene glycol (BG), dipropylene glycol (DPG), phosphate-buffered 
saline (PBS, pH 7.4), propylene glycol (PG), propylene glycol 400 (PEG 400)
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Table 2

Composition of the non-ionic polymer formulations (PF). The ratios represent percentage weight to volume (w/v).

PF1 (B4) PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10

NAC 1%

DPG 10mL

P188® 1%

P407® 1%

PEG 6000 1%

IR® 1%

K12® 1%

PVA/VA 
S630 1%
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TPGS 1%

HS 15® 1%

Soluplus® 1%

Polyoxyethylene (160) and polyoxypropylene (30) glycol (Kolliphor® P188), polyoxyethylene (196) and polyoxypropylene (67) glycol (Kolliphor® P407), PEG 6000, 
polyvinyl alcohol-polyethylene glycol graft copolymer (Kollicoat® IR), polyvinylpyrrolidone (Kollidon® K12), 60:40 linear random copolymer of N-vinyl-2-pyrrolidone 
and vinyl acetate (PVP/VA S-630), D-α-tocopherol polyethylene glycol 1000 succinate (TPGS), macrogol 15 hydroxystearate (Kolliphor® HS 15), polyvinyl caprolactam-
polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus®), Niacinamide (NAC), dipropylene glycol (DPG)
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Table 3

Composition of the CF (cationic formulations), AF (anionic formulations), and NF (non-ionic formulations). The ratios represent percentage 
weight to volume (w/v).

CF1 CF2 CF3 CF4 CF5 AF NF1 NF2 NF3 NF4

NAC 1%

DPG 10mL

Hexadecyltrimethylammonium bromide 1%

Benzalkonium chloride 1%

Alkyltrimethylammonium bromide 1%

Dodecylamine 1%

Cetylpyridinium chloride 1%

SDS 1%
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Tween®80 1%

Tween®20 1%

Span®20 1%

TEGOSOFT® CT 1%

Sodium dodecyl sulfate (SDS), polyethylene glycol sorbitan monooleate, polysorbate 80 (Tween®80), polyoxyethylene sorbitan monolaurate (Tween®20), sorbitan laurate 
(Span®20), TEGOSOFT® CT (caprylic/capric triglycerides), Niacinamide (NAC), dipropylene glycol (DPG)

Table 4

Drug contents and pH values of NAC formulations 

B1 B2 B3 B4 B5 B6

Drug contents 9.99 ± 0.42 10.01 ± 0.22 10.03 ± 0.41 10.05 ± 0.31 10.09 ± 0.19 10.12 ± 0.23

pH values 6.41 ± 0.07 7.42 ± 0.05 5.89 ± 0.05 5.83 ± 0.09 6.87 ± 0.10 4.83 ± 0.06

PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10
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Drug contents 10.03 ± 0.41 - - - - 9.99 ± 0.10 10.06 ± 0.21 10.02 ± 0.11 9.98 ± 0.23 10.22 ± 0.13

pH values 5.83 ± 0.09 - - - - 5.53 ± 0.12 5.04 ± 0.10 5.46 ± 0.07 5.35 ± 0.11 4.58 ± 0.08

CF1 CF2 CF3 CF4 CF5 AF NF1 NF2 NF3 NF4

Drug contents 10.02 ± 0.20 9.98 ± 0.09 9.98 ± 0.13 9.95 ± 0.32 9.98 ± 0.21 10.10 ± 0.32 10.19 ± 0.21 10.02 ± 0.21 10.09 ± 0.13 10.01 ± 0.09

pH values 5.91 ± 0.08 5.92 ± 0.09 5.84 ± 0.11 9.87 ± 0.15 5.97 ± 0.11 5.78 ± 0.15 5.98 ± 0.08 5.93 ± 0.11 6.12 ± 0.15 5.96 ± 0.08
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Table 5

Permeability (%) and coefficients of various NAC-formulations through Strat-M®

B1 PF1(B4) PF8 CF2 N1

Flux (μg/h/cm2) 48.2±12.2 269.2±111.1 240.3±56.7 306.4±196.9 371.1±142.2

Kp (cm/h*10-3) 4.8±1.2 26.8±11.1 24.1±5.7 30.7±19.7 36.4±13.9
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Figure Captions

Fig. 1. Process of preparation of niacinamide (NAC) formulations. First, screening for 
solvents to enhance the permeability of NAC; second, screening to enhance the 
permeability of NAC with non-ionic polymers and cationic, anionic, and non-ionic agents; 
and third, an in vitro study for each evaluation

Fig. 2. Screening of solvents for based formulation (B) and non-ionic polymers for non-
ionic polymer formulations (PF). The based formulations (B1–B6) were prepared with 
DW, PBS (pH7.4), BG, DPG, PG, and PEG 400 (a). Non-ionic polymer formulations (PF 
[1–10]) were prepared with polymers (including P188®, P407®, PEG 6000, IR®, K12®, 
PVP/VA S-630, TPGS, HS 15®, Soluplus®)(b). The permeation study was performed with 
Strat-M® membrane through the Franz diffusion cell system at 32 ± 1°C for 24 h. Data 
are expressed as mean ± standard deviation (sd, n = 3)

Fig. 3. Screening of cation and anionic agents for cationic (CF), anionic formulations (AF), 
and non-ionic agents for non-ionic formulations (NF). The cationic-based formulations 
(CF [1–5]) were prepared with cationic agents (including hexadecyltrimethylammonium 
bromide, benzalkonium chloride, alkyltrimethylammonium bromide, dodecylamine, 
cetylpyridinium chloride) and an anionic agent such as SDS (a). The NF (1–4) were 
prepared with non-ionic agents (including Tween®80, Tween®20, Span®20, TEGOSOFT® 
CT) (b). The permeation study was performed with Strat-M® membrane through the Franz 
diffusion cell system at 32 ± 1°C for 24 h. Data are expressed as mean ± standard deviation 
(sd, n = 3)

Fig. 4. Comparison of permeation of NAC for each formulation. Comparative analysis of 
permeation of NAC depending on each formulation (B1 [in DW], PF1 [in DPG], PF8 
[ TPGS in DPG], CF2 [benzalkonium chloride in DPG], NF1 [Tween®80 in DPG]). The 
permeation study was performed with the Strat-M® membrane through the Franz diffusion 
cell system at 32 ± 1°C for 24 h. Data are expressed as mean ± standard deviation (sd, n 
= 3)

Fig. 5. Fourier-transform infrared spectroscopy (FT-IR) and Differential scanning 
calorimetry (DSC) images. FT-IR spectra of pure NAC, Tween®80, DPG, blank NF1 
(BNF1), and NF1(a). DSC images of pure NAC, Tween®80, DPG, blank NF1 (BNF1), and 
NF1 (b).

Fig. 6. Stability test. The optimal formulation (NF1) was evaluated for its stability over time. 
The following stability tests were performed: drug content, pH value (a), and in vitro 
transdermal permeability (b) over 12 months.
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