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Niacinamide (NIA) is a widely used skincare ingredient with established benefits for skin barrier 
support, inflammation reduction, and dermal health. However, the mechanisms governing its 
transdermal delivery remain insufficiently understood, particularly regarding how formulation pH 
influences its permeation through the stratum corneum (SC). This study investigates how donor phase 
pH (5.0 vs. 7.4) modulates NIA skin permeation and how these effects relate to pH induced changes 
in SC electrical properties. Franz cell diffusion experiments were combined with electrical impedance 
spectroscopy (EIS) using full‑thickness human skin and 3D reconstructed epidermal tissue models. 
Permeation was quantified over 24 h and in pH switch experiments, while EIS characterized pH 
dependent changes in membrane resistance (Rmem) and effective capacitance (Ceff). Additional analyses 
assessed microbial conversion of NIA to nicotinic acid during prolonged exposure. Neutral donor pH 
(7.4) increased NIA permeation by roughly twofold compared with acidic pH (5.0) in both membrane 
types. Correspondingly, pH 7.4 decreased Rmem and increased Ceff, indicating pH driven changes in SC 
lipid organization and dielectric behavior. These effects were reversible and likely stem from alterations 
in SC lipid domains, including pH dependent partial deprotonation of free fatty acids that modifies the 
continuous lipid regions and introduce localized structural microdefects. Such changes enhance NIA 
and ion permeability and increase SC dielectric properties at neutral pH. Although microbial conversion 
of NIA to nicotinic acid was negligible within the first 24 h, it became clearly detectable upon 
prolonged experiments. In conclusion, donor phase pH is a critical determinant of NIA skin permeation, 
primarily through reversible modulation of SC lipid structure and transport pathways. These findings 
highlight the importance of pH control in topical formulations and underscore the need to consider 
microbiota‑mediated transformations when evaluating the efficacy and safety of skin care products 
containing NIA.
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The skin barrier function is primarily regulated by the outermost layer of the epidermis, the stratum corneum 
(SC). This composite membrane, composed of non-viable keratinized cells (corneocytes) embedded in a 
continuous lipid matrix, resembles a brick-and-mortar structure1. The SC protects against harmful substances 
and minimizes transepidermal water loss (TEWL)2, functions largely attributed to its multilamellar lipid 
matrix3,4. Structural integrity of the SC is essential for skin health. In daily life, exposure to low relative humidity 
(RH) can lead to dry skin and impaired barrier function. Continuous hydration of the SC, maintained by the 
water gradient between underlying tissues and the external environment, is therefore critical for homeostasis. 
When the barrier is compromised, topical formulations containing small polar substances are commonly used 
to restore integrity.

Among these substances, niacinamide (NIA), also known as nicotinamide, has numerous applications in 
dermatology and skincare due to its positive effects on skin health5. NIA has been shown to reduce TEWL and 
improve skin pliability in clinical studies6–9. Recent findings indicate that NIA induces swelling between keratin 
monomers at low humidity (60% RH) without increasing overall SC water content, suggesting a plasticizing 
effect that enhances flexibility under dry conditions10. Despite being non-hygroscopic, NIA promotes water 
uptake in SC at high humidity (95% RH)10. Additionally, NIA exhibits anti-inflammatory properties, aiding in 
the management of acne, rosacea, and atopic dermatitis5,11. It also demonstrates antioxidant activity and may 
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reduce DNA damage from external stressors5,12,13. Clinical studies further report that creams containing NIA 
reduce wrinkles, fine lines, and skin surface roughness14–17. These findings suggest that NIA can influence both 
the molecular structure of the SC and biochemical processes in underlying viable cells. For the latter to occur, 
NIA must penetrate the SC barrier to reach viable cells of the skin tissue.

Transdermal delivery of NIA has been the subject of various studies aimed at enhancing its skin permeation. 
Despite its small molecular size (MW 122 g mol−1), the relatively hydrophilic nature of NIA (logD = 0.41 at pH 
5.0 and logD = 0.39 at pH 7.4, estimated using Chemicalize, ChemAxon) limits its ability to partition into the 
multilamellar lipid matrix of the SC, making efficient transdermal delivery of NIA challenging. To improve 
dermal delivery of NIA, strategies such as using solvents with skin penetration enhancement properties have been 
explored in permeation studies with excised skin membranes. Solvents tested include glycerol, propylene glycol, 
dimethyl isosorbide, low-molecular-weight polyethylene glycols and alcohols. Among these, t-butyl alcohol, 
dimethyl isosorbide, and transcutol showed the most promising enhancement of NIA skin permeation18,19. NIA 
permeation has also been investigated using mixtures of propylene glycol, propylene glycol monolaurate, and 
isopropyl myristate, with combinations of propylene glycol and propylene glycol monolaurate showing notable 
enhancement of NIA delivery20.

In addition to solvents with penetration enhancing properties, pH may also influence NIA permeation, but 
this aspect has been far less explored. Previous studies examined the effect of receptor chamber pH (5.4 vs. 7.4) 
on NIA permeation21,22. However, these studies primarily aimed to optimize in vitro permeation protocols, 
including improving reproducibility and evaluating artificial membranes as substitutes for skin, and they 
reported no significant impact of receptor pH21,22. This is not surprising, as receptor pH mainly affects permeant 
solubility, and the solubility of NIA is not expected to vary within these pH ranges. In contrast, the barrier 
properties of the SC are expected to be influenced by the pH of the donor phase facing the skin surface. To our 
knowledge, no study has specifically examined how donor phase pH affects SC barrier properties in relation to 
NIA, including drug partitioning and diffusion characteristics.

In healthy individuals, the SC exhibits a mildly acidic pH of approximately 4.5–5.0, commonly referred to as 
the “acid mantle”23. This acidity is maintained by innate biochemical mechanisms and plays an essential role in 
barrier homeostasis23. In addition to biochemical regulation, physicochemical factors such as skin hydration and 
CO2 gradients across the SC have also been proposed to influence the formation and maintenance of the pH24. 
The inherent pH gradient across the SC is a critical determinant of barrier function and can be substantially 
modified by topical formulations. Active alteration of SC surface pH, for example by application of topical 
products, represents a direct mechanism for influencing molecular transport across the SC. This effect can be 
rationalized by pH driven changes in the organization and mobility of SC lipids and proteins, which in turn can 
significantly affect SC permeability25–27.

In this study, we investigate how pH gradients influence NIA permeation across the SC using Franz cell 
diffusion experiments coupled with electrical impedance spectroscopy (EIS). EIS is a non‑destructive 
technique that characterizes skin barrier electrical properties, including membrane resistance (Rmem) and 
effective capacitance (Ceff), which reflects passive ion transport and dielectric properties of the skin barrier, 
respectively28,29. This combined approach provides mechanistic insight into how pH modulates NIA transport. 
To broaden our analysis, we examined both full‑thickness human skin and 3D reconstructed epidermal tissue 
models (EpiDerm). Human skin serves as the gold standard due to its native lipid and protein organization, 
though availability and donor variability pose limitations. EpiDerm provides a standardized alternative that 
reproduces key SC structural and functional features but lacks a dermal compartment and skin appendages. 
Comparing these membranes under controlled pH gradients allows us to assess the consistency of pH dependent 
effects on NIA permeation and electrical properties, supporting the use of reconstructed skin tissue models for 
regulatory and research applications.

Materials and methods
Materials
Niacinamide (C6H6N2O), nicotinic acid (C6H5NO2) sodium chloride (NaCl), sodium hydroxide (NaOH), 
hydrochloric acid (HCl), potassium dihydrogen phosphate (KH2PO4), disodium hydrogen phosphate 
dihydrate (Na2HPO4·2H2O), sodium azide (NaN3), methyl stearate (MEST), trypsin (Bovine), trisodium citrate 
(Na3C6H5O7), citric acid (C6H8O7), Mueller–Hinton (MH) broth, and brain heart infusion (BHI) agar were 
obtained from Sigma-Aldrich. Methanol (CH3OH, HPLC grade), heptane (C7H16, HPLC grade), formic acid 
(HCOOH, 99%), and ammonium formate (HCO2NH4, 99%) were purchased from VWR chemicals (Avantor). 
Methoxyamine hydrochloride (MOX, CH5NO·HCl), N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA), 
and trimethylchlorosilane (TMCS) were purchased from Thermo Fisher Scientific. Phosphate buffered saline 
(PBS, pH 7.4) was prepared by mixing 130.9 mM NaCl, 5.1 mM Na2HPO4·2H2O, and 1.5 mM KH2PO4. Citrate 
buffer (CBS, pH 5.0) was prepared by mixing 130.9 mM NaCl, 5.81 mM sodium citrate dihydrate, and 4.19 mM 
citric acid. For both buffers, the pH was adjusted to obtain pH 7.4 (PBS) and pH 5.0 (CBS) by adding aliquots 
of either 2 M NaOH or 1 M HCl. All aqueous solutions were prepared using ultrapure water with 18.2 MΩ·cm.

Solubility of niacinamide by UV–Vis spectrophotometry
The solubility of NIA in CBS and PBS was determined at 32 °C by adding an excess amount of NIA to the buffers. 
NaOH or HCl were added to adjust the pH to 5.0 (CBS) or to 7.4 (PBS). The samples were sealed and incubated 
at 32 °C for 48 h under constant agitation at 450 rpm. The saturated suspensions were filtered using syringe filters 
(hydrophilic PVDF, 0.20 µm, 30 mm), discarding the first 0.5 mL of filtrate. The filtrates were then diluted in 
CBS or PBS as appropriate and analyzed by UV–Visible spectrophotometry. Calibration curves were prepared 
in the corresponding buffer (i.e., CBS or PBS) using five concentrations between 6 and 40 µg mL−1. Absorbance 
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measurements were performed at 263 nm in a UV-1800 spectrophotometer (Shimadzu) with a quartz cuvette 
(Hellma Analytics).

Preparation of full-thickness human skin membranes
Human skin was obtained from three healthy female donors: donor 1 (59 years, breast tissue), donor 2 (38 years, 
breast tissue), and donor 3 (55 years, abdominal tissue), all of whom underwent plastic surgery and had provided 
written informed consent. The process was approved by the Swedish Ethics Committee (no. 2018/509-32) and 
conducted in accordance with the principles of the Declaration of Helsinki. The skin was prepared directly 
after defrosting and cleaning with PBS buffer (pH 7.4). The skin tissue was trimmed of subcutaneous fat, and 
full‑thickness skin was then punched into circular membranes with a diameter of 16 mm. The membranes were 
stored at − 20 °C on filter paper soaked in PBS and wrapped in aluminum foil until use (maximum three months). 
Since storage conditions, such as freeze–thaw cycles used here, may influence skin permeability and electrical 
properties, we treated all human skin with the same storage protocol to allow comparative interpretation of the 
pH effect30–34.

The EpiDerm human tissue model
The EpiDerm human tissue model (MatTek In Vitro Life Science Laboratories) is a 3D reconstructed epidermal 
membrane consisting of normal human-derived epidermal keratinocytes cultured on inserts at the air–liquid 
interface to form a multilayered, differentiated epidermis. The tissue exhibits the major layers of human 
skin, with organized basal cells, spinous and granular layers, and a cornified SC. The EpiDerm models were 
obtained in 24-well plates with a membrane diameter of 9 mm. The models were conditioned according to the 
manufacturer’s protocol by incubation in EPI-100-NMM-3 medium on the day they were received. Medium was 
exchanged every second day with fresh prewarmed medium for 5–6 days prior to usage. For this, a hanging top 
(HNG-TOP-12) was used. Upon employment, the EpiDerm models were carefully cut out from the insert with 
a scalpel and mounted on a Franz cell.

Niacinamide permeation and electrical impedance spectroscopy measurements
Full-thickness human skin membranes were allowed to thaw at room temperature for 30–60  min prior to 
mounting, while EpiDerm models were taken directly from the culture plates. Next, the membranes were 
mounted in Franz diffusion cells with diameter of 9 mm (diffusional area of 0.64 cm2) and receptor volume 
of 6 mL. For experiments using the EpiDerm model, silicone insert rings were used to reduce the Franz cell 
chamber opening because of the smaller membrane diameter (9 mm). This ensured secure clamping without 
leakage. The adjustment reduced the effective diffusion area to 0.23 cm2, which was used for calculating 
cumulative permeation. A circulating water bath (HighTech HE-4, Julabo heating circulators) was used to keep 
the membranes at a constant temperature of 32 °C throughout the experiment. Receptor and donor solutions 
were degassed for 1 h using a sonicator bath (Branson 3210 ultrasonic cleaner) before experiments. The receptor 
chamber was filled with PBS, while the donor chamber was firstly filled with 1 mL of CBS or PBS for the initial 
EIS measurements (t = 0 h). Following the initial EIS measurements, the donor solution was replaced with 800 µL 
of freshly prepared CBS or PBS buffer containing 5 wt.% NIA. Next, the donor and sampling ports were sealed 
with parafilm to prevent evaporation. Samples were collected hourly for the first 6 h and at 22 h and 24 h using a 
Hamilton syringe (400 µL) and analyzed with HPLC. Steady-state fluxes were calculated between 6–24 h due to 
that a minority of replicates showed non-linear permeation behavior prior to 6 h. After each sampling, an equal 
volume of fresh PBS was added to the receiver chamber to maintain constant volume. After completion of the 
experiment, the donor solution was collected for mass balance assessment (see below). Subsequently, the donor 
solution was replaced with either CBS or PBS for the final EIS measurements (t = 24 h).

A complementary permeation experiment was conducted in which the donor solution pH was alternated 
between pH 5.0 (CBS) and pH 7.4 (PBS) at 12 h intervals over a total duration of 48 h, using the same skin 
membrane throughout. Acidic conditions were applied during 0–12 h and 24–36 h, whereas neutral conditions 
were applied during 12–24 h and 36–48 h. At each pH switch, the donor solution was completely removed and 
immediately replaced with a freshly prepared buffer at the new target pH; in all cases containing 5 wt.% NIA. 
Receptor phase aliquots were collected at 8 h, 10 h, and 12 h during the first interval and at the corresponding 
time points after each subsequent pH change, following the procedure described above. EIS measurements were 
performed at the start and end of each 12 h interval.

To assess the electrical skin barrier properties, the Franz cells were equipped with four electrodes, connected 
to a potentiostat from Ivium Technologies. EIS data were collected in the frequency range from 1 Hz to 1 MHz 
with 5 frequencies per decade. The amplitude of the applied voltage was between 10 and 25 mV to ensure low 
current densities in the lower frequency range. To interpret EIS data, an electrical equivalent circuit consisting 
of three elements were employed. These elements reflect the solution resistance (Rsol) the membrane resistance 
(Rmem), and a constant phase element (CPE). The Rmem ​reflects the resistance to ionic transport across the SC 
membrane28,29. The CPE accounts for the non-ideal capacitive behavior of the skin barrier and was used to 
calculate the effective capacitance (Ceff) of the SC28,29. These parameters were derived from the EIS data according 
to a previously described method29. The results are presented as relative changes of membrane resistance (∆Rmem) 
and effective capacitance (∆Ceff), based on the initial (i) and final (f ) impedance data, according to Eqs. 1 and 2.

	 ∆Rmem (%) = (Rmem,f − Rmem,i)/Rmem,i� (1)

	 ∆Ceff (%) = (Ceff,f − Ceff,i)/Ceff,i� (2)
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The relationship between the permeability of NIA (P ) and the electrical resistance of the SC (Rmem) was evaluated 
using the logarithmic form shown in Eq. 3, where C  is a proportionality constant35–37:

	 log10P = log10C − log10Rmem� (3)

According to Eq. 3, a plot of log10P  versus log10Rmem should yield a linear relationship with a slope −1. To assess 
whether this relationship applied to the present data set, the permeability coefficients were calculated based on 
the steady-state fluxes (Jss) according to P = Jss/∆C , where ∆C  corresponds to the concentration gradient 
across the skin membrane. For these calculations, ∆C  was assumed to be equal to the donor concentration (i.e. 
5 × 104 µg cm−3). Considering that both P  and Rmem are expected to be continuously influenced by the pH, as 
well as the fact that the permeability is derived from the time interval between 6 and 24 h, it was decided to use 
the mean of the initial and final Rmem value in this assessment. Comparable trends were obtained when using 
either the initial or final Rmem values alone.

Mass balance analysis
A mass balance evaluation was performed after completion of the permeation experiment to quantify the 
distribution of NIA between the donor solution, the skin membrane, and the receptor solution. The collected 
donor solution was weighed to determine the recovered volume (assuming a density of 1.0 g/mL) and analyzed 
by HPLC–UV. The skin membrane was then removed from the Franz cell, briefly rinsed by immersion in PBS to 
eliminate residual donor solution, and transferred to a glass vial containing 131 mM NaCl adjusted to pH 12.0 
with NaOH (5 mL for human skin; 1 mL for EpiDerm). The sample was sonicated for 1 h to extract NIA, after 
which the membrane was moved to a new vial containing fresh extraction solution. This extraction cycle was 
repeated three times to ensure quantitative recovery. The combined extracts were evaporated to dryness under 
vacuum (miVac concentrator, Genevac), and the residues were reconstituted in 1 mL deionized water for HPLC–
UV analysis. The amount of NIA in the receptor chamber was represented by the cumulative permeated mass 
at 24 h (see above).

Analysis of microbial conversion of niacinamide into nicotinic acid
To investigate the potential microbial conversion of NIA to nicotinic acid (NA) during the permeation 
experiments, a subset of experiments were performed with or without 15  mM sodium azide (NaN3) in the 
donor solution. After 24 h, skin membranes from both conditions were incubated overnight in MH medium 
at 32 °C. The next day, aliquots were plated on BHI agar and incubated overnight to evaluate bacterial growth. 
From the NaN3-free condition, one visible colony-forming unit (CFU) was transferred into 10 mL MH medium 
containing 0.7  mg mL−1 NIA. Samples were collected at 2, 4, 6, and 24  h. To confirm bacterial growth, the 
absorbance was measured at 600 nm with a quartz cuvette. Samples were then centrifuged at 14,000 rpm for 
5  min at 4  °C, and the supernatant was transferred to vials and analyzed by HPLC–UV and GC–MS. As a 
negative control, material from the NaN3-treated plate (which showed no visible growth) was collected by gentle 
scraping and processed in the same manner.

Quantification of niacinamide and nicotinic acid by HPLC–UV
Analysis and quantification of NIA and NA were performed using a Vanquish-flex system (Thermo Fisher 
Scientific) with a VF-P10 binary pump, VH-C10 column compartment, VF-A10 autosampler, and VF-D40 
detector. A Luna Omega Polar C18 column (100 × 4.6 mm, 3 µm particle size, 100 Å pore size; Phenomenex) was 
used with a gradient elution profile (see Table  S1) with mobile phase A (0.1% formic acid in 10 mM ammonium 
formate) and mobile phase B (0.1% formic acid in 100% methanol). The injection volume was 10 µL, the flow 
rate was 1 mL min−1, and the column temperature was maintained at 40 °C. The detection wavelength for NIA 
and NA was 263 nm, and sample concentrations were determined based on a calibration curve consisting of 
eight concentrations between 0.586–1200 µg mL−1. Chromeleon 7.3.1 software (Thermo Fisher Scientific) was 
used for integrating absorbance peaks.

Gas chromatography–mass spectrometry analysis of niacinamide and nicotinic acid
For gas chromatography-mass spectrometry (GC–MS) analysis, samples were first subjected to protein 
precipitation using methanol (MeOH). An equal volume of cold MeOH was added to each sample, followed 
by vortexing and centrifugation at 14,000 × g for 10 min at 4 °C. The supernatant was carefully transferred to 
a new vial and dried under vacuum (miVac concentrator, Genevac). Dried samples were stored at 4 °C until 
derivatization. NIA and NA were derivatized prior to GC–MS analysis to enhance their volatility, chromatographic 
performance, and thermal stability. For this, 20 µL MOX reagent was added to each vial and shaken for 2 min, 
followed by a 2 h incubation at room temperature. Next, 20 µL of MSTFA + 1% TMCS were added, followed by 
40 µL MEST 5 ppm in heptane. The derivatized samples were then analyzed using GC–MS (GC–MS-TQ8040 
from SHIMADZU) with an AOC-20i auto injector. As positive controls, standard solutions of NIA and NA were 
processed in the same manner to confirm retention times and fragmentation patterns.

Statistical analysis
Data are presented as mean ± SEM (standard error of the mean) unless otherwise stated. Cumulative permeation 
experiments (human skin and EpiDerm) were analyzed using analysis of covariance (ANCOVA) to assess the 
effect of pH on cumulative mass permeated over time. Time was treated as a covariate and pH (5.0 vs. 7.4) as 
a fixed factor. The interaction term (time × pH) was included to determine whether permeation rates differed 
between pH levels across the time course. The flux and impedance data was analyzed with Welch’s two‑sample 
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t‑tests. A significance level of p < 0.05 was used for all tests. Statistical analyses were performed using R (R Core 
Team, 2024).

Results
Skin permeation of NIA was investigated using full-thickness human skin membranes and cultured EpiDerm 
models, with donor solutions buffered at either pH 5.0 (CBS) or pH 7.4 (PBS), while the receptor solution was 
buffered at physiological conditions in all cases (i.e., PBS at pH 7.4). Because the pyridine nitrogen of NIA is 
a weak base (pKa = 3.63, estimated using Chemicalize, ChemAxon), its ionization state, and thus its solubility, 
could in principle vary with pH. This could theoretically affect the chemical potential of NIA associated with 
a given nominal concentration (here 5 wt.%). To verify that identical applied concentrations correspond to 
comparable thermodynamic activities under both conditions, we determined the saturation solubility of NIA 
in CBS and PBS. Triplicate measurements (n = 3) showed solubilities of 46.2 ± 0.08 wt.% in CBS (pH 5.0) and 
46.3 ± 0.32 wt.% in PBS (pH 7.4), demonstrating no pH dependent variation for the investigated pH values. Given 
this equivalence, indicating that NIA remains in its neutral form at both pH values, differences in permeation 
can therefore be attributed to pH dependent effects on the skin barrier, rather than differences in the driving 
force for NIA diffusion. The high saturation concentration also ensures sink conditions in the receptor phase 
when 5 wt.% NIA is applied in the donor phase, and the concentration gradient can be assumed equal to the 
donor concentration.

Effect of pH on skin permeation of niacinamide
Figure 1 presents the skin permeation data of NIA at the two investigated pH levels.

Starting from the cumulative amount permeated at 24 h, Fig. 1A and C show that pH 7.4 yields higher NIA 
permeation than pH 5.0 for both full‑thickness human skin and the EpiDerm model (ANCOVA, 1–24 h: human 
skin p < 0.001; EpiDerm p < 0.05). Because a minority of replicates exhibited non‑linear behavior before 6  h, 
steady‑state fluxes were calculated over 6–24 h (Fig. 1B and D). For human skin (Fig. 1B), the average flux was 
56 ± 14 and 22 ± 9.0 μg cm−2 h−1 at pH 7.4 and pH 5.0, respectively. For EpiDerm (Fig. 1D), the average flux was 
108 ± 50 and 68 ± 18 μg cm−2 h−1 at pH 7.4 and pH 5.0, respectively. These values align well with the slopes from 
the 1–24 h regressions (Fig. 1A and C), indicating that steady‑state conditions are reached rapidly. Collectively, 
the data show that NIA permeation across both human skin and EpiDerm is enhanced under neutral (pH 7.4) 
donor conditions relative to acidic (pH 5.0).

Fig. 1.  Effect of pH on the skin permeability of NIA. (A) Cumulative permeated mass of NIA for full-thickness 
human skin membranes (donors 1–3) at pH 5.0 (red) and 7.4 (blue), and (C and D) the corresponding data 
for the EpiDerm tissue model. Panels (A) and (C) show cumulative permeated mass over time with linear fits 
applied from 1–24 h. Panels (B) and (D) display steady-state fluxes calculated over 6–24 h. Regression lines in 
(A) for human skin: y = 21x − 39 (R2 = 0.994, pH 5.0), y = 54x − 109 (R2 = 0.994, pH 7.4). Regression lines in (C) 
for EpiDerm: y = 67x − 36 (R2 = 0.997, pH 5.0), y = 109x + 17 (R2 = 0.996, pH 7.4). Replicates: human skin, n = 11 
(pH 5.0) and n = 19 (pH 7.4); EpiDerm, n = 8 (pH 5.0) and n = 6 (pH 7.4).
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Table 1 summarizes the mass balance analysis of NIA following the permeation experiments, accounting for 
NIA that permeated into the receptor phase, was extracted from the skin membrane, or remained in the donor 
solution. The total recovery was approximately 100% of the applied dose across all experimental conditions, 
confirming that the mass balance was within acceptable limits and supporting the reliability of the permeation 
protocol. At both pH 5.0 and pH 7.4, the majority of NIA remained in the donor compartment, consistent with 
infinite dose conditions.

In full‑thickness human skin, higher permeability at pH 7.4 was accompanied by greater NIA retention 
in the membrane, whereas lower permeability at pH 5.0 was associated with lower extracted amounts. This 
relationship was not observed in the EpiDerm model, which showed lower extracted NIA at pH 7.4 despite 
higher permeability. Comparing models, EpiDerm displayed higher percentages of permeated and extracted 
NIA than full-thickness human skin at pH 5.0, but lower percentages at pH 7.4. However, when considering 
absolute (area‑normalized) amounts, permeated and extracted NIA were generally higher in EpiDerm than in 
human skin, except for the extracted amount at pH 7.4. This pattern indicates that the dermis of full-thickness 
human skin does not act as a significant sink for NIA under these conditions and that the extracted amounts 
arise primarily from epidermal partitioning.

Effect of pH on electrical properties of the skin barrier
In parallel with the permeation studies, EIS measurements were performed to characterize the effect of pH on 
the relative changes of skin membrane resistance (i.e., ∆Rmem) and effective capacitance (∆Ceff) following 24 h 
exposure to either pH 5.0 (CBS) or pH 7.4 (PBS). The results from this analysis are presented in Fig. 2.

Focusing on the effect of pH on the electrical membrane resistance, Fig. 2A shows that acidic pH results in 
an increase of ΔRmem for human skin membranes, whereas it causes a slight decrease in the EpiDerm model. 
Neutral pH, however, produces more pronounced decreases in ΔRmem for both skin models. For human skin, 
∆Rmem was significantly higher at pH 5.0 than at pH 7.4 (p < 0.05). No statistically significant difference was 
observed for the EpiDerm tissue model (p = 0.17).

Fig. 2.  Effect of pH on the electrical skin membrane properties. (A) Relative changes in membrane resistance 
(∆Rmem) and (B) effective capacitance (∆Ceff) for full-thickness human skin membranes (donors 1–3) and the 
EpiDerm tissue models following 24 h exposure of pH 7.4 (PBS) or pH 5.0 (CBS) conditions. Boxes represent 
the interquartile range with medians shown as horizontal lines. Number of replicates: human skin, n = 8 (pH 
5.0) and n = 17 (pH 7.4); EpiDerm, n = 7 (pH 5.0) and n = 4 (pH 7.4).

 

Human EpiDerm

pH 5.0 (n = 11) pH 7.4 (n = 13) pH 5.0 (n = 8) pH 7.4 (n = 6)

Permeation %
(mg cm−2)

0.65 ± 0.27
(0.46 ± 0.19)

2.05 ± 0.51
(1.37 ± 0.36)

1.09 ± 0.26
(1.24 ± 0.39)

1.49 ± 0.58
(2.52 ± 1.00)

Extraction %
(mg cm−2)

0.16 ± 0.09
(0.11 ± 0.06)

0.29 ± 0.10
(0.20 ± 0.06)

0.22 ± 0.04
(0.31 ± 0.06)

0.13 ± 0.02
(0.19 ± 0.03)

Donor % 95 ± 4 97 ± 2 100 ± 4 108 ± 2

Mass balance % 96 ± 4 99 ± 2 101 ± 4 110 ± 2

Table 1.  Mass balance (%) of NIA from the permeation experiments with split-thickness human skin (donors 
1–3) and the EpiDerm tissue model. The table summarizes the distribution of NIA into four components: 
permeated amount, extracted amount from the membrane, remaining amount in the donor, and the resulting 
total mass balance (reported as % of the applied dose). For permeation and extraction, values are reported both 
as percentages and, in parentheses, as mass per unit area (mg cm−2). Replicate numbers (n) are indicated for 
each condition.
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The effect of pH on the effective capacitance is presented in Fig. 2B. ∆Ceff remained relatively unchanged at 
pH 5.0 for both human skin and the EpiDerm model. In contrast, exposure to pH 7.4 resulted in an increase of 
∆Ceff for both skin models, although the variability was substantial. When comparing the two pH conditions, a 
significant increase in Ceff was observed only in the EpiDerm model (p < 0.05), whereas no statistically significant 
change was detected in human skin (p = 0.12).

Switching between acidic and neutral pH conditions
Although the results in Figs. 1 and 2 reveal clear pH effects on NIA permeability and electrical properties of the 
SC, the results suffer from a substantial biological variability of the skin membranes. To minimize the impact 
of this natural variability and facilitate the interpretation of the pH effect, we designed a complementary set of 
experiments in which consecutive data are generated from human skin membranes with the pH as the varying 
parameter. In this so-called switch experiment, the pH of the donor phase was repeatedly alternated between 
acidic and neutral pH conditions for 12 h periods, with a total experimental time of 48 h (i.e., two 12 h periods 
per pH level). The results from these experiments are presented in Fig. 3.

Figure 3A shows the cumulative permeation of NIA across full‑thickness human skin, and Fig. 3B presents 
the corresponding interval‑based fluxes. Although the absolute fluxes observed in Fig. 3B are lower than those 
in Fig. 1B, the relative trend is preserved, showing that the permeability remained lower at pH 5.0 than at pH 7.4 
across all switch intervals. This confirms the overall trend that NIA permeability is lower under acidic donor 
conditions compared to neutral conditions. It is noteworthy that all membranes used in this experiment were 
obtained from donor 3, a donor characterized by consistently lower permeability compared to donors 1 and 2 
under both pH conditions. Such variation lies within the expected range for ex vivo human skin and may arise 
from donor‑specific characteristics, differences introduced during membrane preparation, or other inherent 
sources of experimental variability.

The EIS measurements (Fig. 3C and D) likewise mirror the patterns observed in Fig. 2A and B. Exposure to 
pH 5.0 increased ∆Rmem, whereas pH 7.4 reduced ∆Rmem (Fig. 3C). For ∆Ceff, values remained stable at pH 5.0, 
while pH 7.4 generally induced an increase, albeit with considerable variability (Fig.  3D). Together, these 
findings demonstrate that both permeability and electrical parameters exhibit reproducible and reversible pH 
dependent behavior.

Fig. 3.  Effect of consecutive pH switching on NIA permeability and electrical properties of human skin. (A) 
Cumulative permeated amounts of NIA at pH 5.0 (red) and pH 7.4 (blue). (B) Corresponding fluxes calculated 
for each 12‑h interval (8–12, 20–24, 32–36, and 44–48 h). (C) Relative changes in membrane resistance 
(∆Rmem) and (D) effective capacitance (∆Ceff) for the corresponding consecutive time intervals. Boxes in (C) 
and (D) indicate the interquartile range, with medians shown as horizontal lines. All measurements were 
performed using full‑thickness human skin membranes from donor 3 (n = 5), which were used throughout the 
entire pH switch experiment.
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Microbial conversion of niacinamide into nicotinic acid under long-term experimental 
conditions
An interesting observation from the prolonged permeability experiments with consecutive switching between 
pH conditions is that the transport rate of NIA tends to decrease over time when comparing consecutive intervals 
(see Fig. 3B). For example, at pH 5.0 in Fig. 3B, the average flux between 32–36 h is lower than that between 
8–12 h. Normally, prolonged exposure to aqueous donor solutions results in increased skin permeability over 
time38, making this an unexpected finding. These experiments were performed without any bacteriostatic or 
enzyme-inhibiting compounds, suggesting that microbial growth or enzymatic activity could be involved39. To 
investigate this, the HPLC–UV chromatograms of the collected receptor samples were further analyzed, revealing 
the emergence of a new peak around 24 h, which increased in intensity over time (Fig. 4A). This suggests that 
NIA undergoes conversion to another compound, leading us to hypothesize microbial transformation of NIA 
into NA40. To test this hypothesis, we performed a second set of diffusion experiments with sodium azide (15 
mM NaN3) added to both donor and receptor solutions. In the presence of NaN3, the suspected NA peak did 
not appear, whereas it continued to develop without NaN3, indicating microbial conversion of NIA to NA. It 
is, however, important to point out that the impact of this conversion of NIA to NA on the overall permeated 
amount of NIA after 24 h is negligible (less than 0.05% of the applied NIA and 1–2% of the permeated NIA 
amount). To confirm microbial contamination, skin membranes were incubated in MH broth and plated on 
agar. Bacterial growth occurred only in samples without NaN3. A colony was isolated and cultured in MH 
broth containing NIA (0.7 mg mL−1). Periodic HPLC–UV analysis of this culture revealed a decline in NIA 
concentration, accompanied by the emergence of a peak corresponding to NA (Fig. 4B). Finally, GC–MS was 
employed to establish the presence of NA in the experiment without NaN3, with a peak matching its retention 
time and MS spectrum after 24 h (Fig. S1).

Correlation between niacinamide permeation and skin membrane resistance
Because the diffusivity of small polar molecules and ions is inversely related to solution viscosity, the 
porous‑pathway model predicts that their permeability should scale proportionally with electrical conductance 
and inversely with membrane resistance. Consistent with this, previous studies have reported good correlations 
between the permeability coefficients of small hydrophilic substances, such as mannitol, urea, and sucrose, as well 
as passive diffusion of Na+ ions, and the electrical resistance of the SC35–37,41,42. Using the present experimental 
design, which provides paired measurements of NIA permeability and SC electrical resistance, we evaluated 
whether a similar relationship exists for NIA. According to Eq. 3, an inverse log–log relationship with a slope of 
–1 is expected if transport occurs through aqueous pathways consistent with porous‑pathway behavior35–37. As 
shown in Fig. 5, the data exhibited a clear inverse relationship between the permeability coefficient for NIA and 
Rmem, broadly consistent with this theoretical expectation.

The data in Fig. 5 span a wide range of P and Rmem values, reflecting large biological variability in barrier 
properties of individual membranes. However, pH does not appear to separate the data into distinct groups, 
indicating that pH modulates the skin permeability of NIA and charge carrier in the same manner. Further, the 
data from human skin and the EpiDerm model follow similar linear trends. To determine whether permeability 
and electrical resistance are quantitatively related, we applied ANCOVA. Across all conditions, we found a 
consistent negative correlation when combining all data (Fig. 5A), with similar patterns observed separately for 
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Fig. 4.  Microbial conversion of NIA to NA during prolonged permeation experiments without NaN3. (A) 
HPLC–UV chromatograms, corresponding to standard solution of NIA and NA (both at 1.2 mg mL−1) with 
retention times of 2.7 and 1.8 min, respectively (top). Chromatograms below, from bottom to top, correspond 
to samples collected from the receptor phase at 24, 36, and 48 h, respectively. (B) Confirmation of microbial 
conversion of NIA to NA as a function of time in bacterial cultures collected from skin membranes after 
a 24 h permeation experiment with (red) and without NaN3 (blue) in MH broth containing an initial NIA 
concentration of 0.7 mg mL-1. Solid lines in (B) are shown for visual guidance only.
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human skin and EpiDerm at both pH 5.0 (Fig. 5B) and pH 7.4 (Fig. 5C). There were no statistically significant 
differences among any experimental groups. Consequently, these results demonstrate that the correlation 
between NIA permeability and electrical resistance is consistent across skin membrane type and pH condition 
and supports the idea that passive diffusion of NIA and charge carriers are governed by common transport 
hindrance and structural constraints within the SC barrier. Strikingly, this finding is valid for both full-thickness 
human skin and the EpiDerm model.

Comparison of experimental and theoretical skin permeability coefficient of NIA
To compare the experimentally determined skin permeability coefficients of NIA at acidic and neutral conditions 
with those theoretically predicted, we employed two common models to predict the theoretical skin permeability 
coefficient of NIA (see supporting text S1 for details)43. The experimental and predicted values are compiled in 
Table 2.

In brief, the first prediction (A in Table 2) is based on the Potts and Guy equation, which is an empirical 
quantitative structure–permeability (QSPR) model widely applied in transdermal drug delivery for estimating 
the permeability of small molecules44. The model predicts the skin permeability as a function of lipophilicity 
and molecular size and assumes solute transport exclusively through the lipid domains of the SC. As shown in 
Table 2, this model underpredicts the observed transdermal permeability of NIA. This suggests that additional 
pathways, such as aqueous channels or appendageal routes (i.e., hair follicles and sweat ducts), may contribute 
to NIA permeation. To accommodate these transport routes, the second prediction (B in Table 2) is based on 
the four permeation pathways model, accounting for diffusion via free-volume and lateral diffusion in the SC 
lipid matrix, diffusion through aqueous pores created by imperfections in the lipid matrix, and diffusion through 
shunt pathways45. As shown in Table 2, this model predicts approximately twice the skin permeability of NIA 
compared to the Potts and Guy model and is in better agreement with the experimentally measured value at pH 
5.0 for human skin membranes. However, the experimentally measured value at neutral pH for human skin, 
as well as at both pH conditions for EpiDerm model, are consistently higher than the theoretical values. These 

Permeability coefficient 
(cm s−1)

pH 5.0 pH 7.4

Experiment (Human Skin) 13 ± 6 × 10–8 31 ± 8 × 10–8

Experiment (EpiDerm) 34 ± 9 × 10–8 54 ± 25 × 10–8

Theoretical prediction A (Eq. S1) 4.6 × 10–8 4.8 × 10–8

Theoretical prediction B (Eqs. S2-S5) 8.5 × 10–8 8.7 × 10–8

Table 2.  Summary of experimental and predicted skin permeability coefficients of NIA.

 

Fig. 5.  Correlation between NIA permeation (P) and electrical skin membrane resistance (Rmem) in 
logarithmic coordinates (in accordance with Eq. 3), including both human skin and EpiDerm model. (A) 
All data (n = 43, where each point representing a pair of P and Rmem values for a single skin membrane 
(regression line: logP = − 0.98 ± 0.14log Rmem–3.2, R2 = 0.56). (B) Subset (n = 18) for pH 5.0 (regression 
line: logP = − 0.94 ± 0.18log Rmem–3.3, R2 = 0.63). (C) Subset (n = 25) for pH 7.4 (regression line: 
logP = − 1.09 ± 0.22log Rmem2.9, R2 = 0.52).
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discrepancies are not surprising, as these theoretical models do not explicitly account for perturbations of the SC 
barrier, such as hydration- and pH induced alterations in the phase behavior of the lipid matrix and corneocytes.

Discussion
The pH gradient regulates skin permeation of niacinamide
NIA permeation was consistently higher at neutral pH across both human skin and EpiDerm model (Fig. 1), 
indicating that pH strongly influences the SC barrier properties. Although absolute fluxes differed between the 
two models, the relative pH effect was similar, highlighting that the EpiDerm model recapitulates the qualitative 
functional response of native human skin. The pH switch experiment (Fig. 3) further demonstrated that donor 
pH can reversibly modulate NIA permeability. Consistent with these findings, passive permeation of hydrophilic 
compounds such as glucose, tryptophan, and kynurenine across pig epidermis has been shown to be elevated at 
neutral pH than at pH 5.039,46. In contrast, a previous study on skin permeation of the hydrophobic substances 
hydrocortisone (logP = 1.61) and testosterone (logP = 3.32) found no significant change in flux for either drug 
over an extremely wide pH range of 1–1147. Together, these data suggest that hydrophilic permeants utilize 
transport pathways that are more sensitive to pH induced structural changes than those used by hydrophobic 
permeants.

Before interpreting these effects mechanistically, it is important to note that in our experiments the donor 
solutions had essentially identical water activity (i.e., aw ≈ 0.99 for both CBS and PBS)38. As a result, the water 
activity is uniform throughout the system at equilibrium, even though local water content differs among SC 
compartments. At these conditions, the SC lipid headgroup regions take up only limited water, on the order of two 
molecules per lipid, likely arising from strong headgroup hydrogen bonding and interdigitation of very‑long 
chain lipids across apposed leaflets29,48–52. In contrast, corneocytes swell substantially upon hydration53,54. 
Hydration can mobilize both SC lipids and keratin filaments, thereby increasing permeant partitioning and 
diffusion in the SC29,38,55–57. Since the water activity is matched for both donor pH values, these hydration 
effects are expected to be equivalent in both cases and therefore cannot account for the observed pH dependent 
differences in NIA permeability.

At a donor pH of 7.4, the proton activity (and therefore the pH) is uniform across the skin membrane at 
equilibrium. In contrast, even when the pH boundary conditions are fixed, local proton concentrations within 
the SC can still vary because of interactions with charged lipid and protein molecular segments, as well as the 
exclusion of protons from hydrophobic domains. For donor pH 5.0, a pH gradient is established across the 
membrane (from ~ 5.0 at the SC surface toward ~ 7.4 in the receptor), such that the outermost SC reflects the 
donor pH while deeper regions rise toward neutrality. Thus, under these controlled hydration conditions, NIA 
permeation is governed by pH effects that may influence the available transport pathways across the SC, rather 
than by hydration effects. Although NIA may permeate both corneocytes and the surrounding lipid matrix, only 
the latter provides a continuous pathway across the SC1–4,43,45, while shunt routes such as hair follicles and sweat 
glands contribute only marginally under our conditions (see Table S3 and discussion below)43,45. Consequently, 
NIA must traverse lipid domains, whose structure and phase behavior govern partitioning and diffusion1–4,43,45. 
The native SC lipid matrix, composed of very long, mostly saturated free fatty acids and ceramides, together 
with cholesterol, is highly ordered and solid-like.3 This organization imposes a substantial diffusional resistance 
and limited partitioning of hydrophilic molecules1,2,4,43–45,58–60. Even so, small fractions of fluid lipid domains 
and structural defects at domain boundaries can disproportionately enhance permeability by locally increasing 
partitioning and reducing diffusional resistance4,50,57,61,62.

Here, it should be noted that 3D reconstructed skin models often exhibit altered lipid profiles compared to 
native SC, including reduced free fatty acid levels, shorter ceramide and fatty acid chain lengths, and elevated 
proportions of unsaturated ceramides63. These changes modify the phase behavior and reduce the ordering of 
the lipid matrix, which typically results in higher permeability than native human skin,63 consistent with our 
observations in the present study.

Against this background, a plausible mechanistic contributor to the observed pH effect is the protonation 
state of free fatty acids, the only titratable lipid class in the SC lipid matrix. The intrinsic pKa of long‑chain 
free fatty acids (e.g., palmitic, stearic) in molecular solution is around 4.8–5.064, whereas apparent pKa values 
increase substantially when fatty acids are incorporated at lamellar interfaces65–67. Studies on SC lipid mixtures 
report apparent pKa around 6.2–7.368. Increasing the pH to this pKa window increases fatty acid ionization and 
produces a small but detectable reduction in chain order68. In line with this, pH dependent changes in the SC 
lipid lamellar organization are observed with mixtures containing ceramides, cholesterol, and fatty acids, whereas 
no such effect is observed when fatty acids are excluded27. Accordingly, under our experimental conditions, fatty 
acids are expected to be predominantly protonated at pH 5.0 and partially deprotonated at pH 7.4. This partial 
deprotonation can alter the interfacial packing and create defective microdomains in the SC lipid matrix, thereby 
providing a mechanistic explanation for the enhanced NIA permeability at neutral pH.

The pronounced swelling of corneocytes upon hydration indicates that the cornified envelope and its 
associated lipid monolayer permit permeation of water molecules, suggesting that NIA may likewise penetrate 
and accumulate within corneocytes. Consistent with this, NIA has been shown to increase keratin monomer 
spacing, implying partitioning into the corneocyte interior10. Reports of preferential accumulation of mercury 
ions in corneocytes, likely via partially degraded corneodesmosomes, further demonstrate that small polar 
species can access corneocyte interiors60. Together, these observations suggest that the corneocytes may act as a 
reservoir for hydrophilic substances, such as NIA. However, because corneocytes are discrete domains embedded 
within the continuous lipid matrix, altered diffusion within corneocytes alone is unlikely to explain the observed 
pH dependent permeability effects, indicating that transcellular transport contributes only marginally under the 
conditions studied.
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Given the higher permeation at neutral pH, greater partitioning of NIA within the skin membrane was 
anticipated. This was confirmed for human skin membranes (Table 1). The enhanced partitioning of NIA at 
neutral pH is consistent with our previous findings, where SC samples equilibrated at pH 7.4 with 5 wt.% NIA 
exhibited strong diffraction peaks from crystalline NIA after drying, whereas samples equilibrated at pH 5.0 did 
not10. These observations indicate that neutral pH promotes NIA uptake into the SC, leading to oversaturation 
and crystalline depot formation upon drying. Collectively, these results suggest that NIA penetrates and partitions 
more efficiently at neutral pH than at acidic pH in human skin. However, this outcome was not observed for 
EpiDerm model (Table 1), despite the fact that neutral pH resulted in higher NIA permeability. A limitation 
is the small number of replicates (n = 6–8) in the case of EpiDerm, and additional experiments are needed to 
confirm the pH effect on NIA partitioning inside this tissue model.

The effect of pH on the electrical properties of the skin barrier
EIS has previously been employed to investigate the effect of various external parameters on the SC electrical 
properties, such as hydration29,69,70, skin storage conditions30, mechanical damage71, and UV radiation 
in combination with oxidative stress72,73. Of particular relevance is the combination of EIS and permeation 
data, where the SC electrical resistance is expected to correlate with permeation of small hydrophilic 
molecules30,35,36,41,42, while the effective skin capacitance has been shown to correlate better with transport of 
hydrophobic permeants30.

The skin resistance (Rmem) reflects the diffusional resistance to ion transport within the membrane at 
frequencies approaching direct current. Our results show that pH has a pronounced effect on Rmem (Fig. 2A), 
with values approximately 2–4 times lower under neutral conditions. Switch experiments confirm that this pH 
effect is reversible; however, Rmem gradually decreases over time at neutral conditions (Fig. 3C). To interpret these 
changes, it is important to consider ion distribution within the SC and its response to pH alterations. Previous 
studies suggest that ions are primarily transported and distributed in the lipid matrix29,60,74. Thus, the reduction 
in Rmem indicates alterations in the lipid domains of the SC, such as the aforementioned partial deprotonation 
of free fatty acids at neutral conditions. This pH effect could promote formation of defective microdomains that 
form conductive regions, effectively contributing to the observed decrease in Rmem.

Prolonged hydration of the SC, such as in the present experiments, often leads to the appearance of water 
inclusions (i.e., water pools of varying size) within the tissue and may indicate partial tissue disintegration. 
This phenomenon has been observed in several studies employing different microscopy techniques53,75–77. 
In principle, such tissue disintegration could result in free diffusion of hydrophilic charge carriers, effectively 
giving rise to resistance values approaching Rsol. However, this is not the case in our experiments, where Rmem​ 
values tend to increase at pH 5.0 and decrease at pH 7.4, even though both donor conditions imposed the same 
hydration effect (i.e., aw ≈ 0.99). Further, the reduction in Rmem at neutral pH, and the associated increase in 
NIA permeation, are not changes of orders of magnitude, as would be expected in the case of complete tissue 
disintegration. This indicates that any aqueous inclusions formed between corneocytes during prolonged 
hydration contribute little to the overall transport of hydrophilic charge carriers or polar permeants, while the 
principal barrier element, represented by the continuous lipid matrix, remains relatively intact.

The effective capacitance (Ceff) of the skin membrane is related to the dielectric properties of the SC, which 
includes both the low conductivity lipid matrix and the presence of charged lipid and protein species that 
contribute to double-layer capacitance29,78. The results show a clear and reversible effect, with enhanced Ceff 
values at neutral conditions and reduced values at acidic conditions (Figs. 2B and 3D). As discussed above, we 
propose that neutral pH promotes partial deprotonation of free fatty acids, thereby increasing the charge density 
within the headgroup regions of the SC lipid lamellae matrix. A higher charge density is expected to raise Ceff 
by providing additional sites for double-layer charging. In addition, protein components of the SC may also 
contribute to capacitive currents, where charged amino acid residues in mobile terminal domains of keratin 
filaments are expected to be accessible for double-layer charging29,78. In SC, keratin K1 and K10 dominates, 
with isoelectric points around 5.3 and 4.9, respectively (UniProt accession: P04264 and P13645). However, for 
double layer charging, it is the total number of charged sites, not just the net charge, that determines the overall 
contribution. Sequence-based estimates indicate that the total number of charges only changes slightly between 
pH 5.0 and 7.4, with the net charge becoming more negative at neutral pH. Thus, the observed increase in Ceff 
at neutral pH likely stems primarily from partial deprotonation of free fatty acids, which enhances double‑layer 
charging and thereby increases Ceff under neutral conditions.

Influence of acidic and neutral pH on niacinamide and ion skin permeation
Previous studies have explored the aqueous pore pathway hypothesis to explain transport of hydrophilic solutes 
across the SC. The pore pathway has been proposed to involve structural imperfections in the SC lipid matrix, 
such as grain boundary separations or lattice vacancies forming transient hydrophilic channels37,45. Peck et al. 
estimated the average aqueous pore radius in untreated and ethanol-treated human epidermal membrane for 
four small hydrophilic permeants (urea, mannitol, sucrose, and raffinose) using dual-radiolabeled diffusion 
experiments79. By assuming that paired permeants traverse the same aqueous channels, porosity (ε) and 
tortuosity (τ) were eliminated as variables, leaving pore radius as the sole unknown79. Building on this, Tang et al. 
combined the aqueous pore pathway hypothesis with electrochemical principles to predict mannitol and sucrose 
permeability from skin electrical resistance measurements, enabling determination of pore radius in untreated 
and ultrasound-treated pig skin and human skin membranes35. Tezel et al. refined the model to account for 
deviations observed with larger hydrophilic permeants, allowing prediction of their permeability in untreated 
and ultrasound-treated pig skin membranes using electrical resistance data37. Kushner et al. further broadened 
the framework by examining transport of multiple radiolabeled hydrophilic solutes (urea, mannitol, raffinose, 
and inulin) to independently determine porosity, tortuosity, and hindrance factor for full-thickness human 
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skin membranes80. Electrical resistance measurements were collected in parallel as an independent indicator of 
barrier perturbation by sonophoresis and SDS treatment80. In particular, their analysis showed that decreases 
in skin resistance were dominated by large increases in porosity and modest decreases in tortuosity, while pore 
radius remained essentially unchanged80. This indicates that skin resistance is governed predominantly by the 
porosity-to-tortuosity ratio rather than pore size.

Coherent with these findings, NIA permeability was inversely correlated with skin resistance, with slopes 
near − 1, consistent with Eq. 3 (Fig. 5)35–37. Notably, in our data the intercepts for both pH 5.0 and pH 7.4, across 
human skin and EpiDerm model, align on the same regression line. In contrast, changes in the pore radius are 
expected to shift the intercept values, whereas variations in porosity, tortuosity, and membrane thickness do 
not35,37. Thus, the results indicate that pH does not significantly affect the effective pore radius, while variations 
in porosity and tortuosity seem more likely to explain the pH effect (assuming that the SC thickness remains 
unchanged)35,37. Porosity refers to the proportion of membrane volume taken up by pores, whereas tortuosity 
reflects the deviation of pore pathways from a straight route through the membrane. The porosity-to-tortuosity 
ratio (ε/τ) indicates pore network efficiency: higher values mean more or straighter pores for faster transport, 
while lower values mean fewer or more convoluted pores that slow diffusion. From Table 2, the permeability 
coefficients are approximately twofold higher at pH 7.4, implying that ε/τ is roughly twice as high under neutral 
conditions. Furthermore, because skin electrical resistance is inversely proportional to ε/τ35,37, the fourfold higher 
resistance observed in human skin and twofold higher resistance in the EpiDerm model at pH 5.0 (Fig. 5) further 
supports this interpretation. These findings also indicate that pH dependent changes in ε/τ disproportionately 
affect ionic transport relative to NIA diffusion. Taken together, this suggests that pH modulates the number 
of available pores and/or the connectivity of the porous pathways rather than enlarging individual pores. As 
discussed above, a plausible mechanism is that at neutral pH, partial deprotonation of free fatty acids induces 
electrostatic repulsion between lipid headgroups, effectively promoting localized defective microdomains that 
enhance ε/τ at neutral conditions.

To further evaluate our data according to the aqueous pore pathway framework, we aimed at estimating 
the pore size by extrapolating each data point in Fig. 5 to the y-axis, assuming a theoretical slope of − 1 (see 
supporting text S2)35,37. However, the calculated intercepts were much higher than expected, indicating that 
NIA permeates more readily than electrolytes. Consequently, the extrapolated pore size becomes unrealistically 
large, diverging toward infinity, which reflects a breakdown of the steric exclusion assumption. This suggests 
that NIA permeation cannot be explained solely by the pore pathway and likely involves additional diffusion 
routes. Our moderate correlation coefficients (R2 = 0.52–0.63, see Fig. 5) support this interpretation, as stronger 
correlations have been reported for highly hydrophilic molecules (R2 = 0.75–0.96)35–37, whereas lipophilic 
compounds such as corticosterone (logP = 2.1) show minimal correlation (R2 = 0.30)36. Thus, the porous pathway 
primarily applies to highly hydrophilic permeants, while the intermediate polarity of NIA implies multiple 
diffusional routes, with only partial pore pathway contribution45. To quantify these contributions, we applied 
the four permeation pathways model, which considers free-volume and lateral diffusion in the lipid matrix, 
shunt pathway, and the aqueous pore pathway (see supportive text S2 and Table S3)45. Approximately 46–48% 
of NIA permeation was attributed to pores, while 51–52% occurred via lipoidal free-volume diffusion; other 
routes were negligible. Adjusting experimental permeability for this partial pore contribution, the experimental 
permeability coefficients were proportionally adjusted to obtain revised intercept values that were employed in 
Eq. S10. Using this approach, the estimated pore radius was 10 Å (95% CI: 7–20 Å, see Table S4), which is in 
the lower range of previously reported values (approximately 10–40 Å)35–37,79. This analysis suggests that the 
pH effect influences diffusion along the aqueous pore pathway, via changes in porosity and tortuosity, as well 
as potentially affecting free‑volume diffusion within the lipid matrix. In principle, both transport routes could 
be modulated by partial deprotonation of free fatty acids at neutral pH, as discussed above. However, given 
that low‑molecular weight hydrophobic substances have been reported not to be affected by donor pH47, it is 
reasonable to propose that lipoidal free‑volume diffusion is comparatively less influenced, whereas the aqueous 
pore pathway is more sensitive to pH dependent structural changes.

Microbial conversion of niacinamide to nicotinic acid
While our results isolate the pH effect under controlled conditions, translation to practical topical use may be 
limited by the small volumes typically applied, although partial pH modulation may still be achievable with 
prolonged or occlusive applications such as patches or facemasks. In these cases, once applied to the skin, 
the composition of a formulation may be altered by skin‑associated microbes. The human skin microbiome 
comprises a diverse community of commensal bacteria and fungi81,82, some of which are capable of metabolizing 
cosmetic ingredients. Examples include the fermentation of glycerol to lactic acid83 and the hydrolysis of arbutin 
to hydroquinone84. For NIA, this is particularly relevant because many bacterial species carry the pncA gene, 
which encodes nicotinamidase, an enzyme that converts NIA into NA40,85,86. Since this metabolic pathway is 
absent in mammalian cells, the appearance of NA provides a specific indicator of microbial activity40. This 
distinction may be relevant for cosmetic scientists and formulators, as microbiome-driven transformations 
could influence the chemical profile and overall performance of topical NIA formulations.

In the extended pH switch experiment, a gradual decrease in NIA flux was observed when comparing 
fluxes between 8–12 h versus 32–36 h for pH 5.0, as well as between 20–24 h and 44–48 h for pH 7.4 (Fig. 3B). 
This trend was unexpected because prolonged aqueous exposure typically increases skin permeability38. A 
closer analysis of the HPLC–UV chromatograms, corresponding to the collected receptor samples during the 
prolonged permeation experiment, revealed the appearance of an additional peak after around 36  h, which 
increased steadily over time (Fig. 4A). This peak was identified as NA, consistent with microbial conversion 
of NIA. Low-level NA formation was also detectable in some of the 24 h permeation experiments conducted 
without NaN3, although not consistently across all samples. Importantly, in the case when this peak was present, 
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the amount remained extremely small (< 0.05% of the applied NIA). In contrast, NA was not detected when the 
24 h permeation experiment was performed in the presence of 15 mM NaN3. Furthermore, bacterial cultures 
isolated from skin membranes converted NIA to NA only in the absence of NaN3 (Fig. 4B). Together, these 
findings confirm that the minute decrease in flux during the later switch intervals  , corresponding to time 
intervals 32–36 h and 44–48 h (Fig. 3B), compared with their respective earlier counterparts, originates from 
microbial metabolism of NIA. Although the conversion of NIA into NA observed in our experiments was small, 
it may be more pronounced under conditions that increase microbial activity, such as longer exposure times and 
conditions where higher microbial loads may be encountered. This is particularly relevant for real‑world cosmetic 
applications, where skin‑associated microbes are naturally present and where even low‑level biotransformation 
may influence product performance.

Conclusions
This work demonstrates that donor phase pH is a key determinant of skin permeability to niacinamide. A neutral 
donor pH promotes NIA permeability, which can be rationalized by partial deprotonation of free fatty acids 
that promotes defective microdomains of the SC lipid matrix, effectively enhancing niacinamide transdermal 
delivery. Comparable responses were observed in human skin and in the EpiDerm model, underscoring the 
value of reconstructed epidermal tissue models as viable tools for in vitro screening of transdermal delivery 
of cosmetic actives and drugs. Microbial conversion of niacinamide to nicotinic acid highlights the need to 
control microbial activity in long‑duration studies. Overall, these findings establish pH modulation as a mild 
and reversible strategy for influencing niacinamide skin permeation, with implications for formulation design 
and dermal delivery of this substance.

Data availability
Data supporting the findings of this study are available from the corresponding author on request.
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