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ABSTRACT:   

The transient absorption of two skin care agents, niacinamide (nicotinamide, NA) and methyl 

nicotinate (MN), solvent-deposited on ex vivo human skin mounted in Franz diffusion cells has 

been analyzed according to a new variation on a recently published mechanistic skin permeability 

model (Yu et al. 2020. J Pharm Sci 110:2149-56).  The model follows the absorption and 

evaporation of two components, solute and solvent, and it includes both a follicular transport 

component and a dissolution rate limitation for high melting, hydrophilic solids deposited on the 

skin.  Explicit algorithms for improving the simulation of transient diffusion of solvent-deposited 

solids are introduced.  The simulations can account for the ex vivo skin permeation time course of 

both NA and MN over a dose range exceeding 4.5 orders of magnitude.  The model allows one to 

describe on a mechanistic basis why the percutaneous absorption rate of NA is approximately 60-

fold lower than that of its lower melting, more lipophilic analog, MN.  It furthermore suggests that 

MN perturbs stratum corneum barrier lipids and increases their permeability while NA does not, 

presenting a challenge to molecular modelers engaged in simulating biological lipid barriers. 

Keywords:  absorption; biophysical models; disposition; mathematical model; passive 
diffusion/transport; transdermal; pathways; percutaneous; permeability; skin 
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Introduction 

Percutaneous absorption has historically drawn the attention of a wide range of scientists 

involved in skin care, topical and transdermal drug delivery and human safety groups within both 

government and industry.  A broad experimental database exists, as well as many associated efforts 

to interpret these data on either a semiempirical or mechanistic basis.  A useful review of the 

modeling field ca. 2011 was provided by Mitragotri et al.1  Predictive models are highly desired 

in order to guide product development involving new active agents or compositions and to 

facilitate risk assessment of dermal exposures to chemicals in consumer or workplace exposures.  

Many, if not most, of these scenarios involve finite dose exposures.2 

Our group has been involved in the development of transient diffusion models for dermal 

absorption for some time.  Most recently we have incorporated a polar pathway for hydrophilic 

permeants into the model and moved it to a process engineering platform, gPROMS.3,4  In the 

present analysis we extend the model to accurately simulate a solvent deposition process in which 

a solid precipitate may form on the skin surface as the solvent evaporates.  The disposition of both 

components is tracked.  The balance between specific dose of solute and its solubility in the stratum 

corneum (SC) is a key element of the analysis, as are the crystallinity of the deposited solid and 

the details of the solvent dry down process on the skin surface and in the upper regions of hair 

follicles.  We introduce specific elements to limit accumulation of solute in the hair follicle, 

accurately estimate time lags for follicular diffusion and control the dissolution rate of solvent-

deposited solids.  The developed algorithm is exemplified by an analysis of the transient 

permeation of niacinamide (nicotinamide, NA) and methyl nicotinate (MN) following solvent 

deposition onto excised human skin mounted in Franz diffusion cells.5 
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NA is a skin care ingredient providing both skin lightening and anti-ageing benefits.6,7  MN 

is a rubefacient long used by dermatologists to assess skin barrier function in their patients by 

measuring time to redness or flushing.8,9  Despite their moderate differences in octanol/water 

partition coefficient (Kow) and molecular weight (MW) the two compounds show striking 

differences in both steady-state skin permeability and skin penetration from a finite dose, with 

MN >> NA in both cases.  Ref. 5 discusses this behavior in terms of the physical properties of the 

permeants.  Here we present a diffusion model designed to interpret the results on a mechanistic 

basis. 

We note that the subject of solvent-deposited solids was explicitly treated by Anissimov and 

Roberts10 using an elegant Laplace transform-based approach.  They successfully analyzed finite 

dose dermal absorption data from Scheuplein and Ross11 and also Crutcher and Maibach12 using a 

model which included mass transfer resistances at the vehicle/SC and SC/receptor solution 

interfaces.  These resistances can be interpreted as dissolution limitations and viable epidermis 

(VE) resistance, respectively.  The examples presented – corticosterone, testosterone and 

testosterone proprionate – employed a VE resistance but did not require dissolution limitations.  

We present a counter example requiring a dissolution limitation (NA) and a hypothesis regarding 

how to anticipate this phenomenon, using a concept we term “hard” and “soft” solids.  We refer 

the reader to Anissimov and Roberts10 for an excellent review of finite dose diffusion experiments 

and analyses prior to 2001. 

Mathematical Model 

The dermal absorption model employed builds on a simpler model recently developed by our 

group to simulate the skin permeability of hydrophobic and hydrophilic chemicals4 and called 

therein Model 2.  Model 2 is a one-dimensional, transient diffusion/evaporation code built on the 
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gPROMS platform incorporating a vehicle layer, three skin layers and a follicular diffusion 

pathway.  Its steady state properties have been thoroughly explored.3,4  In this section we describe 

elaborations on Model 2 designed to yield more accurate simulations of transient diffusion 

associated with solvent-deposited solids.  The revised model (Model 3) has the following new 

features: (1) a depth-dependent time lag, Tlag, in outer root sheath (ORS) flux is implemented to 

reduce the burst effect resulting from the mass transfer coefficient treatment of ORS permeability; 

(2) the surface roughness of the SC, sc, is considered for limiting accumulation of solute in the 

infundibulum as the solvent film dries down.  After vehicle thickness falls below sc, solute 

transport from vehicle to infundibulum is blocked and the solution within the infundibulum is 

assumed to be well mixed.  (3) A dissolution limitation expressed as an interfacial mass transfer 

coefficient, lip, is applied for solid solute partitioning from the skin surface into the SC. This 

coefficient includes a thermodynamic term correcting partitioning of solutes having high 

solubilities or those which self-associate in aqueous solution. 

We note that Models 2 and 3 are two-component diffusion/evaporation models that explicitly 

represent mass transport of both a solute and a solvent.  The equations that follow are written in 

terms of the solute, which is usually the component of interest for topical or transdermal delivery.  

However, similar relationships apply for the solvent. The solvent-related equations are necessary 

to describe the dry down process and are also of interest in estimating its impact on skin 

permeability. 

Time Lag for Follicular Diffusion 

The geometry of the hair follicle embedded in the skin is that of Model 2, cf. Fig. 1 of Yu et 

al. 2020.4  A closeup view of the ORS region is shown in Fig. 1.  The follicular pathway is 

represented as an array of cylindrical prisms piercing all three layers of the skin.  The infundibulum 
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is an annular space surrounded by the ORS epithelium.  The ORS has a fixed total thickness (ℎ௢௥௦), 

which is comprised of an SC-like region (𝑙௦௖௟) and an ED-like region (𝑙௘ௗ௟).  These thicknesses 

vary linearly with depth (z), representing decreasing keratinization with increasing depth.13,14  

They are described by Eqs. 1 and 2: 

ℎ௢௥௦ ൌ 𝑙𝑠𝑐𝑙 ൅ 𝑙𝑒𝑑𝑙                                                                      (1) 

ቊ
𝑙௦௖௟ ൌ ℎ𝑜𝑟𝑠 𝑎𝑛𝑑 𝑙௘ௗ௟ ൌ 0                                                                  0 ൑ 𝑧 ൑ ℎ𝑠𝑐 

𝑙௦௖௟ ൌ ℎ𝑜𝑟𝑠
𝐿1െ𝑧

𝐿1െℎ𝑠𝑐
 𝑎𝑛𝑑 𝑙௘ௗ௟ ൌ ℎ𝑜𝑟𝑠

𝑧െℎ𝑠𝑐
𝐿1െℎ𝑠𝑐

                                     ℎ𝑠𝑐 ൏ 𝑧 ൑ 𝐿1
                   (2a,b) 

 

Figure 1. Schematic diagram of the follicular pathway (not to scale).  The diagram shows a two-
dimensional projection of a cylindrical hair follicle having an axis of symmetry at the left-hand boundary.  
Only the skin surface to the base of the infundibulum is depicted.  Key dimensions lscl and ledl associated 
with the width of the SC-like and ED-like regions of the ORS are indicated, as is the surface roughness δsc.  
The hair shaft is considered to be impermeable.  The base of the infundibulum is impermeable in the present 
simulations, but a fraction of “open” follicles can be included in the model.4  The dashed red rectangle 
identifies the ORS region.   
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The permeability of the ORS is given by the standard bilaminate membrane formula 

combined with homogeneous membrane limits at the top and bottom of the infundibulum,4 

𝑃௢௥௦ሺ𝑧ሻ ൌ

⎩
⎪⎪
⎨

⎪⎪
⎧
௛ೞ೎
𝑙𝑠𝑐𝑙
𝑃௦௖/௪
௖௢௠௣                                                                            0 ൑ 𝑧 ൑ ℎ௦௖

 ൥
ଵ

೓ೞ೎
𝑙𝑠𝑐𝑙

௉ೞ೎/ೢ
೎೚೘೛ ൅

ଵ
೓೐೏
𝑙𝑒𝑑𝑙

௉೐೏
൩

ିଵ

                                                   ℎ௦௖ ൏ 𝑧 ൏ 𝐿ଵ

௛೐೏
𝑙𝑒𝑑𝑙

𝑃௘ௗ                                                                                           𝑧 ൌ 𝐿ଵ

   (3a,b,c) 

Here 𝑃௦௖/௪
௖௢௠௣ is the permeability of the interfollicular SC and 𝑃௘ௗ is that of the viable epidermis 

(ED), hsc and hed are the thicknesses of the interfollicular SC and ED, respectively, and 𝐿ଵ is the 

total length of the follicular pathway. 

In order to keep the model one-dimensional, lateral transport through the ORS in Model 2 

was treated by including Pors as a component of a mass transfer coefficient, kors, describing 

integrated solute transport across the ORS at depth z in the tissue,4 

𝑘௢௥௦ሺ𝑧ሻ ൌ
మೝభ

ೝభ
మషೝబ

మ௉೚ೝೞሺ௭ሻ

௄೔೙೑/ೢ
,          (4) 

as subsequently shown in Eq. 7a.  This choice led to a small burst effect for permeation through 

the skin that was inconsequential in steady-state flux calculations, cf. Figure 4 of Yu et al. 2020.4  

But for small finite dose applications, the burst can indeed become significant.  In order to put 

plausible limits on this phenomenon, we added a time lag to ORS flux based on Ash’s 

multilaminate membrane analysis15 and also the surface roughness feature described in the next 

section.  A depth-dependent time lag for a bilaminate membrane, Tlag(z),15 (Eq. 5) is incorporated 

in Model 3 to calculate a time-delayed flux through the ORS membrane, Jors(z, t) (Eq. 6): 

𝑇௟௔௚ሺ𝑧ሻ ൌ ቀ௟ೞ೎೗
஽ೞ೎

൅ 𝐾௦௖/௘ௗ
௟೐೏೗
஽೐೏

ቁ
ିଵ
ቂ௟ೞ೎೗

మ

஽ೞ೎
ቀ ௟ೞ೎೗
଺஽ೞ೎

൅ 𝐾௦௖/௘ௗ
௟೐೏೗
ଶ஽೐೏

ቁ ൅ ௟೐೏೗
మ

஽೐೏
ቀ𝐾௦௖/௘ௗ

௟೐೏೗
଺஽೐೏

൅ ௟ೞ೎೗
଺஽ೞ೎

ቁቃ              (5) 

𝐽௢௥௦ሺ𝑧, 𝑡ሻ ൌ ቊ
0                                                                           𝑡 ൑ 𝑇௟௔௚ሺ𝑧ሻ

𝑃𝑜𝑟𝑠ൣ𝐶௜௡௙ሺ𝑧, 𝑡ሻ െ 𝐾௜௡௙/௦௞௜௡𝐶௦௞௜௡ሺ𝑧, 𝑡ሻ൧          𝑡 ൐ 𝑇௟௔௚ሺ𝑧ሻ
                                    (6a,b) 
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Here 𝐷௦௖ and 𝐷௘ௗ are diffusivities of the permeant in the SC and ED, respectively, and Ksc/ed is the 

partition coefficient between SC and ED, calculated as Ksc/w / Ked/w.  Cinf (z, t) is the concentration 

of permeant in the infundibulum, Cskin (z, t) is the corresponding concentration in the adjacent skin 

layer and Kinf/skin is the partition coefficient of the permeant between these two environments.3 

Surface Roughness Limitation 

In Model 2, lateral transport in the vehicle and each skin layer was considered to be rapid, so 

that each layer had a uniform concentration in the x-y plane, i.e. they were well-stirred.  However, 

with decreasing volume of solution on the skin surface, we postulate that the vehicle film 

eventually breaks into small islands due to the surface roughness of the SC and potentially large 

interfacial energies.  Consequently, in Model 3 lateral diffusion of solute in the vehicle is 

discontinued when the film thickness reaches a critical value, sc.  After this point, no more 

permeant is allowed to diffuse into the infundibulum. The volume of solution in the infundibulum 

begins to decrease due to solvent and solute transport across the ORS and to evaporation.  In order 

to avoid undue complexity, the remaining solution is considered to be well stirred and to cling to 

the ORS as a uniform film.  Therefore, the concentration of permeant in the infundibulum can be 

formulated as 

൞

డ஼೔೙೑ሺ௭,௧ሻ

డ௧
ൌ 𝐷௜௡௙

డమ஼೔೙೑ሺ௭,௧ሻ

డ௭మ
െ 𝑘௢௥௦ሺ𝑧ሻൣ𝐶௜௡௙ሺ𝑧, 𝑡ሻ െ 𝐾௜௡௙/௦௞௜௡𝐶௦௞௜௡ሺ𝑧, 𝑡ሻ൧             ℎ௩ ൐ δ௦௖

𝐶௜௡௙ሺ𝑧, 𝑡ሻ ൌ Min ൬𝑆௩,
ெ೔೙೑ሺ௧ሻ

௏ೞ೚೗ೠ೟೔೚೙_೔೙೑ሺ௧ሻ
൰                                                                             ℎ௩ ൑ δ௦௖

            (7a,b) 

Here Dinf is the diffusivity coefficient of the solute in the infundibulum, and kors is the first-order 

exchange rate from infundibulum to each skin layer, cf. Eq. 4.  When the vehicle thickness, hv, is 

greater than the surface roughness (Eq. 7a), the infundibulum is assumed to be well stirred in the 

xy plane, but not in the z direction.  When hv falls below the surface roughness (Eq. 7b), the solution 

is assumed to be well stirred in all directions.  𝑆௩ is the solubility of permeant in the solvent and 
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𝑀௜௡௙ሺ𝑡ሻ is the mass of solute in the infundibulum; it decreases over time as both solute and solvent 

absorb and evaporate. 𝑉௦௢௟௨௧௜௢௡_௜௡௙ is total volume of solution in the infundibulum. Equation 7b 

allows for precipitation of excess solute if its concentration in the solution exceeds Sv.  The default 

value of sc is taken to be 25μm, a typical value for the root mean square surface roughness of 

human skin.16  

Dissolution Rate Limitation 

It is evident from the data presented in the accompanying report5 and also from existing 

literature11,17,18 that the fate of dissolved chemicals following topical application to skin from 

volatile solvents depends upon both dose and the physicochemical properties of the test agent.  

Agents that are solids at skin temperature will precipitate on the skin if a sufficiently large dose is 

applied in the absence of a nonvolatile solvent.  Absorption rate may subsequently be limited by 

the dissolution of this precipitate.  This phenomenon has long been anticipated in theoretical 

descriptions of skin absorption,10,19 and is generally described in terms of an interfacial diffusive 

resistance at the vehicle-skin interface.  Yet there has been little attention paid to quantitatively 

describing this phenomenon.  It bears much in common with the problem of solid-state stability of 

pharmaceutical actives, which has been the subject of extensive investigation over several 

decades.20-22  The development below employs a one-layer diffusive resistance model predicated 

on the hypothesis that lipid solubility of the test agent will govern its dissolution kinetics following 

precipitation on the skin surface.  Elaborations considering humidity-dependent remodeling of the 

deposited solid are possible,20 but will not be considered here. 

The physical model for the interfacial mass transfer resistance is shown in Figure 2.  

Although the diagram is drawn assuming solid particles with diameters comparable to a 
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micronized drug, a wide range of particle sizes may be anticipated.  Quantifying this behavior and 

possible remodeling of the solids on skin is one of our long-term objectives. 

 
Figure 2. Schematic diagram for interfacial resistance at the vehicle-SC interface for a solvent-deposited 

solid.  The diagram depicts small particles (d = ~3-5 m) deposited on a skin surface with a root-mean-

square roughness sc = 25 m.  The interfacial resistance resides in the boundary layer lip (dark blue line); 
its thickness and composition are discussed in the text.  It is clear that the area of contact per unit area of 

skin, fcontact, will increase with increasing sc,, but decrease strongly with increasing d.  This thinking accords 
with the well-known topical delivery benefits of micronized drug suspensions versus coarse suspensions. 

Following the usual mass transfer approach for a thin interfacial lipid barrier having a 

thickness lip, the flux per unit area A across the vehicle/skin interface (z = 0) is given by 

𝐽ሺ0, tሻ ൌ 𝜅௟௜௣ൣ𝐶lip൫െ௟௜௣, 𝑡൯ െ 𝐶lipሺ0, 𝑡ሻ൧ ൌ 𝜅௟௜௣ൣ𝑆lip െ 𝐾lip/sc𝐶scሺ0, 𝑡ሻ൧        (8a) 

ൌ 𝜅௟௜௣ ቂ𝐾lip/w𝑆w െ ቀ
௄lip/w

௄sc/w
ቁ𝐶scሺ0, 𝑡ሻቃ.            (8b) 

In Eq. 8a 𝜅௟௜௣ is the interfacial mass transport coefficient, Slip is the solubility of the dissolving 

solid in an interfacial (lipid) film having thickness lip, and Klip/sc is the lipid/SC partition coefficient.  

Clip and Csc are concentrations of permeant at the lipid/SC interface.  Eq. 8b recasts solubility and 

partition coefficients in terms of a linear partitioning isotherm, for ease of calculation.  In the 

simplest picture, 𝜅௟௜௣ ൌ
஽೗೔೛೟ೝೌ೙ೞ

ఋ೗೔೛
, where 𝐷௟௜௣೟ೝೌ೙ೞ is the transverse diffusivity of the permeant in the 

film.  We emphasize “transverse” to allow for the possibility that the lipid film could be comprised 

of anisotropic SC lipids,23-25 and to distinguish it from the term “Dlip”, which has been used to 

represent lateral diffusivity of the permeant in such lipids in earlier expositions of the SC 

composite matrix model, including Model 2.3,23,24,26  Eq. 8 incorporates the assumption of partition 
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equilibrium at both the upper and lower boundaries of the film.  In this form, it is entirely analogous 

to the Noyes-Whitney description of a solid particle dissolving into water.27 

For solids deposited on the skin surface, we propose a modified interfacial mass transfer 

coefficient given by Eq. 9, 

𝜅௟௜௣ ൌ ൬
஽೗೔೛೟ೝೌ೙ೞ

ఋ೗೔೛
൰ 𝑓௖௢௡௧௔௖௧𝑓௧௛௘௥௠௢.        (9) 

Here, fcontact is the fractional area of contact of the deposited drug per unit area of skin and fthermo is 

a thermodynamic correction factor described under Data Analysis that corrects for changes in 

solute activity coefficient with concentration.  Both factors are important for NA and MN, which 

are solids at skin temperature, yet are highly soluble in water and (for MN) lipids as well. 

To make Eqs. 8 and 9 more concrete, one must specify the nature of the interfacial lipid film.  

What lipid(s) are involved?  We consider two cases, human skin in vivo and excised human skin 

mounted in a diffusion cell (in vitro).  

Human skin in vivo.  In this case, the lipid film is likely to be sebaceous lipids, or more 

generally, skin surface film liquids (SSFL) as characterized by Stephaniak and Harvey.28  

According to this thinking, SSFL is comprised of remnants of sebaceous gland secretions and also 

sweat.29  The thickness of such films in vivo is considered to be 1-4 m, or even higher on the 

scalp.29-31  Models for diffusivity and partitioning of solutes in sebum have been developed by 

Valiveti, Lu and coworkers.32,33  Complementary models have been developed in conjunction with 

uptake of semivolatile organic compounds (SVOCs) from air.34  Consequently, we recommend for 

in vivo exposures, 

𝜅௟௜௣
௜௡ ௩௜௩௢ ൌ ቀ஽ೄೄಷಽ

ఋೄೄಷಽ
ቁ 𝑓௖௢௡௧௔௖௧𝑓௧௛௘௥௠௢.        (10) 

where the values of DSSFL and SSFL may be estimated from the sebum values of Valiveti et al.32,33 
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Human skin in vitro.  For in vitro exposures, evidence suggests that the SSFL film is 

completely removed;3,35 however, the surface energy of SC in vitro is even less than that in vivo.36  

Ether-washed skin in vivo has also been shown to have lower surface energy than unwashed skin.37  

The implication is that excised human cadaver skin and ether-washed skin in vivo have a surface 

comprised of SC intercellular lipids, perhaps as little as the single covalently bound monolayer of 

lipid on the cornified cell envelopes.  Adopting this hypothesis as a working model, we imbue the 

lipids with properties of SC lipids as described in Wang et al.,24 i.e. 

𝐷௟௜௣೟ೝೌ೙ೞ ≅ 𝑘௧௥௔௡௦ ∙ 𝛿         (11) 

yielding 

𝜅௟௜௣
௜௡ ௩௜௧௥௢ ൌ ൬

௞೟ೝೌ೙ೞఋ

𝛿𝑙𝑖𝑝
൰ 𝑓௖௢௡௧௔௖௧𝑓௧௛௘௥௠௢.        (12) 

Here ktrans is the transverse mass transport coefficient across SC bilayer lipids and  = 13 nm is the 

width of a single lipid bilayer.  The predictive relationship for ktrans in partially hydrated skin used 

in Model 3 is that developed in Wang et al. (cf. their Model 2),24 with the small modification to 

the leading coefficient (2.725 => 2.730) described by Kasting et al. (see their Table 3 and note 

the change of units).3  

log10ሾ𝑘௧௥௔௡௦, m/sሿ ൌ െ2.730 െ 0.792MWଵ/ଷ െ logଵ଴ሺ3ሻ     (13) 

The boundary conditions at the vehicle/SC interface can now be expressed in terms of the 

flux through the interfacial lipid film, J(z, t), combined with evaporative loss from the vehicle (Eq. 

14) and flux into the SC (Eq. 15) as follows: 

ௗெೞೠೝ೑

ௗ௧
ൌ െ𝑘௘௩௔௣ 𝜌 െ 𝐽ሺെ, 𝑡ሻ         (14) 

െ𝐷ୱୡ
డ஼ೞ೎ሺ௭,௧ሻ

డ௭
ቚ
୸ୀ଴

ൌ 𝐽ሺ0, 𝑡ሻ         (15) 
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where the value of 𝐽ሺ0, 𝑡ሻis determined from Eqs. 8-13.  For thin interfacial films we invoke the 

pseudo steady-state approximation, 𝐽ሺെ, 𝑡ሻ ൌ 𝐽ሺ0, 𝑡ሻ, so the boundary conditions at z = 0 are well 

posed. 

For evaporation loss, the evaporation mass transfer coefficient kevap is taken, after conversion 

to SI units, to be38 

𝑘௘௩௔௣ ൌ 𝑘௚
௉ೡ೛୑୛

ோ்
   (16) 

𝑘௚ ൌ
0.01756𝑢଴.଻଼

MWଵ/ଷ    (17) 

Here, kevap and the gas phase mass transfer coefficient kg are both expressed in m/s,  is the density 

of the solute in kg/m3, 𝑢 is the air velocity with a default indoor value of 0.165 m/s,39  MW is 

molecular weight in kg/mol; 𝑃௩௣ is the vapor pressure for pure solute in Pa, R = 8.314 Jmol1K1, 

and T is the temperature of the skin surface in Kelvin (default value 305.15 K). The 𝑃௩௣ for solute 

in the liquid phase (or subcooled liquid phase) can be obtained from experimental data or from 

COSMOthermX prediction.  When the melting point of solute (i.e. the fusion temperature Tf ) is 

higher than skin temperature, the vapor pressure of pure solid solute 𝑃௩௣ሺsolidሻ at the skin surface 

is estimated from Eq. (18),40  

ln
𝑃௩௣ሺliquidሻ

𝑃௩௣ሺsolidሻ
ൌ
∆𝑆௙
𝑅𝑇

൫𝑇௙ െ 𝑇൯ (18) 

∆𝑆௙ ൌ ቐ

∆𝐻௙
𝑇௙

                    when ∆𝐻௙ is known 

56.5  jKିଵmolିଵ     when ∆𝐻௙ is unknown   
 (19) 

The evaporation model in Eqs. 16-19 applies to both in vitro and in vivo exposures, although the 

appropriate air velocity u may vary.  Using the approximations in Eqs. 13 and 16-19, the only 

unknown parameter in the solute mass transfer at the skin surface is 𝜅௟௜௣. 
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The breakdown of 𝜅௟௜௣
௜௡ ௩௜௧௥௢ into four separate factors (Eq. 12) is not necessary to model the 

experimental data, as a single value of 𝜅௟௜௣
௜௡ ௩௜௧௥௢ will be selected for each compound, NA and MN.  

But it is helpful for think about this mass transfer coefficient in terms of molecular and cooperative 

properties to understand the basis for what will be shown to be an enormous difference in 

𝜅௟௜௣
௜௡ ௩௜௧௥௢for NA and MN.  The factors ktrans and fthermo are determined independently from the skin 

permeation data, so that the other two factors, 𝛿௟௜௣ and fcontact, can be tentatively determined from 

the two independent skin permeation datasets.  The way this was done is described later. 

Materials and Methods 

Physical Properties of Test Permeants 

The physical properties relevant to the present analysis were obtained and discussed in the 

companion report5 and are summarized in Table 1.  Additional properties related to aggregation of 

NA in aqueous solution and the resulting impact on Kow are discussed elsewhere.41  The salient 

properties related to the present analysis are:  (1) NA and MN are highly soluble in water, and MN 

is also highly soluble in lipids; (2) NA associates strongly in aqueous solutions; (3) Kow for both 

compounds is a decreasing function of concentration; and (4) NA forms highly crystalline deposits 

following solvent deposition, whereas MN deposits as a supercooled liquid or amorphous solid.5 

Table 1. Physicochemical properties of the test solutes 
Permeant MW Densitya mp log Kow Pvp Sw Soct 

g/mol g/L °C  Pa g/Lb g/Lb 

Niacinamide 122.13 1277 130c -0.37c 0.01d 534 21.6 
    -1.39e    
Methyl nicotinate 137.14 1156 42.5c 0.83c 31d 372 759 
    0.31e    

a Supercooled liquid density at 32C, predicted by COSMOthermX 
b 30C5 
c Source:  PubChem42 
d COSMOthermX prediction at 32C 
e Saturated solution value estimated as log [Soct(g/L) / Sw(g/L)]5 
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In Vitro Permeation Studies (IVPT) 

These studies are fully described in the companion report.5  NA and MN permeation through 

excised human skin mounted in Franz diffusion cells after solvent deposition from 1:1 

ethanol:water solutions was measured over a dose range spanning 4.5 orders of magnitude. 

Data Analysis 

Thermodynamic Correction Factor.  NA is known to associate in aqueous solution,43,44 whereas 

less is known regarding MN.  NA is also likely to associate in the corneocyte phase of the SC, 

which is water-continuous, although details may be modified by binding of both water45 and NA46 

to keratin and also the presence of other solutes such as natural moisturizing factor components.47  

A full treatment of NA thermodynamic activity within the SC is furthermore complicated by the 

fact that concentration-dependent activity coefficients lead to variable diffusivity and variable 

lipid/water partition coefficients within the tissue.48  We considered and discarded the idea of 

conducting such an analysis due to concerns regarding the lack of tissue-specific data and the extra 

effort involved with solving the nonlinear equation system.  As an alternative, we chose the simpler 

approach of considering NA activity in the vehicle phase only, and applying a thermodynamic 

correction factor, fthermo (cf. Eq. 12), at the vehicle-interfacial film interface.  Based on the 

concentration-dependent partition coefficients in Table 1 we obtained fthermo = Kow (sat) / Kow 

(dilute) = 0.095 for saturated solutions of NA in the vehicle and for precipitated NA resting on the 

interfacial lipid film.  For MN, we used the same procedure to obtain fthermo = 0.30. 

Simulations and parameter estimation.  Physical properties of NA and MN described earlier were 

used as inputs to the modified finite dose simulation model (Model 3).  Skin surface temperature 

was set to 32C and airflow over the diffusion cells to 0.165 m/s (finite dose only).39  Both steady-

state permeability and finite dose skin permeation rate were calculated.  The former employed the 
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fully hydrated skin model; the latter employed partially hydrated skin.24,26  After experimenting 

with Model 24 to develop the refinements discussed above, three sets of final calculations were 

performed: 

1. Default permeation rates for Model 3 were simulated using either no adjustable 

parameters (steady state) or one adjustable parameter (finite dose).  For the latter, a single 

value for the vehicle-skin mass transfer coefficient, 𝜅௟௜௣ (Eq. 9) was used across doses to 

best describe the dose-dependence of NA and MN permeation. 

2. Model 3 was fitted to the experimental permeation rates using one (steady state), two 

(finite dose, NA), or three (finite dose, MN) adjustable parameters.  For the steady-state 

fits, the value of the transverse mass transfer coefficient across the SC lipids, ktrans (Eq. 

13), was varied to best match the average permeation rates.  For finite dose NA, the 

values of ktrans and 𝜅௟௜௣ were varied.  For finite dose MN, the values of ktrans, 𝜅௟௜௣ and the 

solute vapor pressure, Pvp, were varied to simultaneously match the initial permeation 

rates and the plateau values of absorption after prolonged exposures.  For MN doses that 

reached a plateau, unabsorbed solute was considered to have evaporated.  NA was 

essentially nonvolatile but permeated so slowly that an absorption plateau was not 

reached at any dose tested.  Rather than separately fitting the mean data for each of the 

two NA donors, one set of parameters was developed that yielded cumulative permeation 

matching the average of the two datasets. 

3. The above calculations (without 𝜅௟௜௣) were repeated using the Excel-based UB/UC 

model26 in order to determine how much model predictions had changed for these two 

solutes since publication of the much simpler model in 2013.   
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The parameters selected for optimization were chosen because of their dominant effects on 

dissolution rate (𝜅௟௜௣), initial skin permeation rate (ktrans) and evaporation rate (Pvp).  In each case, 

a change in the parameter value resulted in a nearly proportional change in the respective transport 

rate.  Optimization was done manually by examination of cumulative permeation graphs.  Because 

each finite dose dataset consisted of 72-81 observations covering 9 doses and 8-9 collection times, 

and each observation was itself an average over 6-11 skin replicates, it was possible to adjust these 

parameters without overfitting the dataset. 

Results  

Steady-state permeability (kp) 

Experimental and predicted steady-state permeabilities for NA and MN are shown in Table 

2, and example permeation profiles for NA are shown in Figure 3.  The mean permeability 

coefficient of MN was 70-fold higher than that of NA, a remarkable difference for two compounds 

of comparable molecular size and a 16-fold difference in octanol/water partition coefficient (MN > 

NA).  The Potts-Guy relationship,49 for example, predicts a 5.8-fold difference in kp ( Table 2), 

whereas UB/UC and Model 3 predict ratios of slightly over 6.  The NA experiments were 

conducted with a donor solution concentration of 10 g/mL (8.2  105 M), well under the 

concentration range where aggregation in aqueous solutions impacts the activity coefficient.41   

 
Table 2.  Experimental and predicted kp values for NA and MN from aqueous solutions through excised 
human skin.  Simulations assumed fully hydrated skin, T = 32C and fopen = 0. 
   𝑘௣×1010, m/s   ktrans multipliera  
Permeant Experimental Potts-Guy49 UB/UC2

6 
Model 3 Potts-Guy UB/UC Model 3 

NA   1.36  1.31b 5.44 4.67 5.36 0.25 0.29 0.25 
MN 96.1  11.1c 31.4 30.0 33.3 3.1 3.2 2.9 

a Factor by which the default value of ktrans must be multiplied to match experimental kp value.  Default 
values of ktrans for fully hydrated SC are 2.22  107 m/s for NA and 1.55  107 m/s for MN. 
b (n = 5 donors, 31 replicates)50 
c (n = 2 concentrations 5-10 replicates);51 (n = 1, 3 replicates)52 
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Figure 3.  Permeation of niacinamide (NA, 10 g/mL in water) across freshly excised human epidermal 
membrane from 3 surgical skin donors.  Each symbol represents the geometric mean + SE for one donor, n 
= 5-8 samples/donor.  The mean permeability coefficient, kp, calculated from the linear regions for 5 skin 
donors (n = 31 total) is reported in Table 2.  Calculated permeation based on the mean kp is shown as a 

dashed line and the default prediction from Model 3 as a solid line.  Skin temperature was 30-32C.  The 
data are from Ref. 50. 

The MN experiments of Dal Pozzo et al.51 were conducted at 50-100 mg/mL (0.36-0.73 M), 

concentrations at which skin penetration enhancer activity could conceivably come into play; 

however, we are not aware of enhancer activity reported for MN in vitro, where blood flow is not 

a factor.  Test concentrations of MN were not specified in the study by Degim et al.52 

It is evident from Table 2 and Figure 3 that in vitro steady-state skin permeation for NA 

shows considerable inter-donor and intra-donor variability, much more so than MN.  This occurred 

despite the fact that the steady-state NA permeation experiments were conducted in freshly excised 

surgical skin samples that had all passed a 3H2O permeation test.50,53  The higher variation in skin 

permeability for poorly penetrating, hydrophilic permeants is consistent with our own experience 

and that of others.54  It will be seen again in the finite dose permeation studies described below. 
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Finite dose skin permeation 

Figure 4 shows cumulative permeation of NA at a very low dose (Fig. 4a) and a very high 

dose (Fig. 4b), along with the best model fits across all doses for UB/UC,26 Model 24 and Model 

3.   

 
Figure 4. Predicted and experimental human skin penetration for NA at applied doses of (a) 2 µg/cm2, and 
(b) 2741 µg/cm2. The lines represent model predictions and symbols show the experimental values.  

UB/UC was effective at the low dose, but substantially overpredicted permeation at the high dose.  

Model 2 overpredicted permeation at both doses.  The rapid early permeation for the low dose 

resulted from two factors associated with the follicular delivery component:  failure to include a 

time lag for permeation through the outer root sheath (ORS) and strict adherence to the well-stirred 

vehicle assumption, which allowed excessive solute to accumulate in the follicles as the vehicle 
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dried down.  At high doses the follicular component was inconsequential, but the lack of a 

dissolution limitation led to overprediction of absorption.  Model 3 was equivalent to UB/UC at 

the low dose, but also closely matched the high dose permeation data.  All four refinements 

described in the Mathematical Model section were required to obtain the Model 3 results.  A 

similar scenario was incurred for MN, although the dissolution mass transfer coefficient was much 

larger.  Fitted parameters associated with Model 3 are shown in Table 3, and the full set of 

simulated permeation profiles for NA and MN are shown in Figures 5 and 6, respectively. 

Table 3.  Parameters associated with fits of UB/UC and Model 3 to the NA and MN permeation data in 

Ref. 5.  Simulations assumed partially hydrated skin, T = 32C and fopen = 0.  Brackets denote a parameter 
that was fixed at the value estimated in the text. 

Parameter Equation NA  MN  
  UB/UC Model3a UB/UC Model3 

𝜅௟௜௣  1012, m/s 9 - 3.65, 9.84 - 1330 

ktrans  1016, m2s1  11  4.75, 6.17b  66.4b 

𝑓௖௢௡௧௔௖௧/𝛿௟௜௣  105, m1 9, 12 - 0.81, 1.68 c - 6.63 c 

fthermo 9, 13 - [0.095] - [0.30] 
ktrans multiplierd 12, 13 0.40 0.50, 0.65 10 10 
Pvp multipliere 16 - - 1.8 0.44 

a The two values in this column refer to Studies 1 and 2, respectively. 
b Default value of ktrans (Eq. 11) multiplied by ktrans multiplier in Line 5.  Not independently fit. 
c Value derived from 𝜅௟௜௣, ktrans and fthermo according to Eq. 12.  Not independently fit. 
d Factor by which default value of ktrans must be multiplied to achieve the optimum fit.  Default values for 

partially hydrated skin are 7.30  108 m/s for NA and 5.11  108 m/s for MN.  Both are 1/3rd of the 
hydrated skin value.24 

e Factor by which default value of Pvp (Table 1) must be multiplied to achieve the optimum fit. 
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Figure 5. Model 3 predictions versus cumulative permeation of NA from 9 finite doses following solvent 
deposition on human skin in vitro.  The data are from Ref. 5.  The numbers at the top left of each graph 
reflect the dose in g/cm2.  Blue and tan symbols represent Studies 1 and 2, respectively, and the solid lines 
represent fits to these datasets.   
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Figure 6. Model 3 predictions versus cumulative permeation of MN from 9 finite doses following solvent 
deposition on human skin in vitro.  The data are from the companion report.5  The numbers appearing on 
the graphs reflect the dose in g/cm2. 

Discussion 

Although the general pattern of dose-dependent dermal absorption for NA and MN is a 

familiar one,2 the difference in rate of absorption between the two compounds is striking.  Whether 

in dilute aqueous solutions (Fig. 3, Table 2) or solvent-deposited onto the skin (Figs. 5 & 6, Table 

3) MN absorption rate through excised human skin exceeds that of NA by a factor of 60-70.  Both 

model extensions and parameter adjustments were required to match the full range of in vitro skin 
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absorption data obtained in these studies.  The comments that follow classify these modifications 

according to the major feature impacted by the change. 

Initial absorption rates and steady-state permeability 

Using default model parameters, the current (Model 3) and earlier (UB/UC, Model 2) finite 

dose absorption models from our group predict the direction, but not the magnitude, of the 

difference in absorption rates between these compounds.  NA absorption rates are overpredicted, 

but MN absorption rates are substantially underpredicted.  The same can be said for widely-

accepted steady-state models of skin permeability including that of Potts and Guy,49 as shown in 

Table 2.  In all models discussed, the dominant factor governing skin permeability for moderately 

hydrophilic or lipophilic permeants is diffusive resistance of the SC lipids in a direction transverse 

to the plane of the membrane.  In Potts and Guy, it is the only factor.  This resistance can be thought 

of as hlip/(DtransKlip), where the factors refer, respectively, to lipid thickness and the (transverse) 

diffusivity and partition coefficient of the permeant in these lipids.  In UB/UC and subsequent 

models discussed here, Dtrans  ktrans, where ktrans is a mass transfer coefficient and  is the average 

thickness of an intercellular lipid layer.24  On the premise that our existing estimates of hlip, Klip 

and  are reliable,23,24,55 we varied ktrans in order to match the steady state permeation rates (infinite 

dose) or the initial permeation rates of NA and MN at low, finite doses.  Results were expressed 

as a multiplier that must be applied to the default ktrans value to match the data.  These values are 

shown in Table 2. 

UB/UC and Model 3 yielded comparable ktrans multipliers for NA and MN steady-state 

permeation rates (0.25-0.29 for NA, 2.9-3.2 for MN), indicating that the models predicted steady-

state permeabilities in hydrated skin to within a factor of 3-4.  The multipliers for Model 3 were 

10-14% lower than for UB/UC, which is fully explained by the follicular contribution discussed 
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later.  These departures of model predictions from experiment are reminiscent of root-mean-square 

estimates of variability in steady-state predictions in the original SC model of about 100.52 = 3.3.24  

But what is considered acceptable agreement on a log-log plot is often disappointing on a linear 

scale.  There is room for improvement in the prediction. 

For finite doses, NA initial absorption rates were overpredicted by about a factor of two, 

yielding ktrans multipliers of 0.40-0.65, whereas MN absorption rates were underpredicted by a 

factor of 10 (Table 3).  The ktrans multipliers cited here are based on the partially hydrated skin 

limit of both UB/UC and Model 3.  Higher skin concentrations are achieved in the finite dose 

studies due to the concentrated deposits that form on the skin surface during dry down.  It is 

possible that interaction of MN with SC lipids increased its permeability at these high skin 

concentrations, leading to more rapid permeation through the skin. 

Evaporation rates 

Cumulative absorption of MN in the finite dose studies reached a plateau value of 48-60 

percent of dose for all but the two highest doses (Fig. 5).  By assuming missing material to have 

evaporated, an evaporation rate can be estimated according to Eqs. 16-19.  Because the diffusion 

cells and test environment were similar to those used in separate calibration studies,56 we 

considered that the most uncertain value in the evaporation rate calculation was the permeant vapor 

pressure, Pvp, for which only an estimate for the subcooled liquid was available (Table 1).  

Consequently, we expressed the departures from default parameter predictions as the Pvp multiplier 

required to match the cumulative absorption plateau values at low MN doses (Table 3).  In this 

instance, the optimum Pvp multiplier for UB/UC and Model 3 were quite different, i.e. 1.8 and 0.44, 

respectively.  This difference can be understood based on model architecture.  UB/UC does not 

explicitly consider the solvent in a solvent deposition study.  Permeant is immediately deposited 



25 
 

in the upper SC layers (the “deposition zone”38) and the skin surface (once the deposition zone is 

saturated).  Model 3 involves an explicit evaporation and absorption process for the solvent, so 

dilute solutions of a volatile permeant evaporate much more slowly due to the lower vapor pressure 

of the solute above the solution.  At higher applied doses, the dissolution limitation in Model 3 

comes into play (Eqs. 8-12).  The factor 𝜅௟௜௣
௜௡ ௩௜௧௥௢ (Eq. 12) limits the absorption of MN, so that a 

lower evaporation rate is required to match the plateau observed in MN absorption up to doses of 

about 1200 g/cm2 (Fig. 6).  This factor is discussed in the next section. 

With a vapor pressure of about 0.01 Pa (Table 1), NA is effectively a nonvolatile permeant; 

hence Pvp does not play a role in its disposition on skin. 

Dissolution limitation 

It is evident from Figure 4 and the above discussion that neither UB/UC nor Model 2 were 

able to quantitatively describe either NA or MN absorption over the full dose range of the studies.  

This finding prompted the introduction of the dissolution mass transfer coefficient 𝜅௟௜௣ in Eq. 8 

and the further factorization of 𝜅௟௜௣ in Eqs. 9-12.  It was furthermore evident that 𝜅௟௜௣(NA) must 

be much less than 𝜅௟௜௣(MN) for this construct to work.  The area of contact factor fcontact was 

introduced to provide this distinction. 

Support for such a factor appears in Table 1 and the companion report.5  MN is a low-melting 

solid with high solubility in octanol.  NA is a high-melting solid with limited solubility in octanol.  

Considering proposed Model 3 relationship for SC lipids,55 Klip/w =0.35 (Koct/w)0.81, it is reasonable 

to postulate that the octanol solubility differences carry over into SC lipids.   

Furthermore, the melting point difference suggests possible crystallinity differences at skin 

temperature, which are confirmed by crossed polar optical microscopy.5  Let’s consider the fitted 

parameter 𝑓௖௢௡௧௔௖௧/𝛿௟௜௣ reported in Table 3, and furthermore assume that the value of 𝛿௟௜௣ is the 
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same for NA and MN.  If one considers that the value of 𝑓௖௢௡௧௔௖௧ = 1 for MN, an amorphous solid 

or perhaps supercooled liquid permeant, then the value of 𝛿௟௜௣ must be 1/(6.63  105 m1)  =  1.51 

 106 m  =  1.51 m.  This value is comparable to the 1-4 m thickness of sebum films on human 

skin in vivo and approximately 20 times thicker than the typical 0.075 m thickness of intercellular 

SC lipids.24  Considering the argument associated with Eqs. 11 and 12, and also found in Ref. 4, 

that the sebum film is completely removed from cadaver skin prepared by tissue banks, such a 

thick film seems highly unlikely.  If one makes the alternative assumption that 𝛿௟௜௣ = 0.075 m, 

then 𝑓௖௢௡௧௔௖௧  =  (6.63  105 m1)( 0.075  106 m)  =  0.050 for MN and an average of (1.25  105 

m1)( 0.075  106 m)  = 0.0094 for NA.  In either case the fractional contact area for MN deposited 

on the skin surface is approximately 5-fold that of NA.  We plan to continue our investigation of 

the factors impacting 𝜅௟௜௣ by studying additional permeants, solvents and substrates. 

An alternative way of thinking about mass transfer at the solid-skin interface in vitro is that 

the initial mass transfer rate is proportional to 𝜅௟௜௣ Slip (Eq. 8a) or, equivalently, to 

(ktrans)𝑓௖௢௡௧௔௖௧Slip.  Thus, compounds with high diffusivity and solubility in SC lipids and low 

crystallinity (like MN) will have higher mass transfer rates following solvent deposition.  We 

tentatively classify MN as a “soft solid” and NA as a “hard solid” based on this distinction.  A 

quantitative and continuous scale connecting these limits requires the study of additional materials 

having intermediate properties. 

Polar pathway and follicular diffusion 

The inability of the UB/UC model to correctly predict the dermal absorption of ionized 

compounds or other highly hydrophilic species has been justifiably viewed as a significant 

limitation.57,58  Considerable effort to address this issue led to the development of a method to 

incorporate a “polar pathway” within the UB/UC framework, which to date has been discussed 
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only in the context of steady-state skin permeability.3,4  The most influential component of the 

proposed polar pathway for most exposure scenarios is the follicular pathway, which was first 

outlined in Kasting et al.3 and subsequently refined in Yu et al.4  The latter version is termed here 

“Model 2”. 

Upon applying Model 2 to analyze the present finite dose datasets, we quickly found that 

follicular transport had to be dialed back in a significant manner (Fig. 4).  Approximations that 

sufficed in the steady state led to unrealistically high absorption rates for permeants applied from 

volatile solvents at very low doses.  This resulted from the lack of a time lag for permeant entering 

the skin through the follicular ORS and the propensity of the well-stirred vehicle approximation 

to allow an enormous fraction of dissolved solute to accumulate in the follicular infundibulum as 

the solvent dried down.  Experimental studies of follicular delivery establish that this does not 

happen.59  The time lag and surface roughness limitations described in the Mathematical Model 

section address these issues.  A third feature of Model 2, regarding a small fraction of follicles 

open to the receptor solution (1.5% in Model 2), could have presented a problem, but it became 

inconsequential in the present analysis once the first two limitations were introduced.  We assumed 

no open follicles (fopen = 0) in the present simulations. 

Once the above modifications had been incorporated into Model 3, the presence of a 

follicular diffusion pathway had little impact on the diffusion model’s ability to accurately simulate 

finite dose permeation of the two compounds examined in this study.  This can be seen by the 

agreement of the optimized predictions arising from UB/UC and Model 3 at low doses (Figs. S1 

and S2).  This agreement was obtained despite steady-state calculations indicating a follicular 

contribution to permeation of 10% for MN and 14% for NA, cf. the discussion related to Table 3.  

Very different results would be found for highly hydrophilic permeants, such as sugars and sugar 
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alcohols, inorganic ions or highly ionized weak electrolytes.  Dermal absorption predictions related 

to topical exposures to permeants in these categories, e.g. lead salts, paraquat or (possibly) 

diclofenac sodium, could be highly influenced by the presence or absence of a follicular pathway. 

Outlook 

The development reported here extends the domain of mechanistic skin penetration modeling 

to finite dose exposures of solvent-deposited solids over a wide dose range.  As we generalize our 

approach to other permeants, vehicles and exposure conditions, we expect additional model 

components will be required.  For example, for compounds more lipophilic than NA and MN, the 

potential impact of slowly reversible binding to keratin must be considered.60,61  Furthermore, we 

note that the impact of vehicle components and form on skin permeability is still relatively 

unexplored from a mechanistic viewpoint, although commercially available software already 

offers some capability.62-64  Continuously improving methods for molecular simulations of 

structured lipids offer promise in this area.64-66  Notably, at least one method offers the capability 

for non specialists to mechanistically study the impact of solute-membrane interactions on 

membrane permeability.64,66  Considering that the Model 3 prediction of the underlying membrane 

permeability of moderately lipophilic solutes in the SC has not improved substantially since Potts 

and Guy’s 1992 correlation49 (c.f. Table 2), there is ample room for improvements in this area.  

We view this as an opportunity for molecular modelers as well as commercial software developers 

to make major contributions to predictive skin permeation models. 

We are humbled by the amount of effort required to reliably implement each new 

development.  But these developments are ultimately shareable.  The UB/UC model was released 

as the NIOSH Finite Dose Permeation Calculator as early as 201167 and now serves as the dermal 

input module to PKSim, an open access PBPK platform downloadable from the web.68  
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Restriction of the present model to a one-dimensional architecture enables the possibility of 

encoding it as a system of finite difference equations in space and ordinary differential equations 

(ODEs) in time suitable for direct implementation on simultaneous ODE solvers. 

Conclusions 

The ex vivo human skin absorption of two closely related topical agents, NA and MN, 

following solvent deposition has been characterized experimentally and described in terms of a 

mechanistic transient diffusion model.  The model reveals insights into the striking difference in 

absorption rate of the two compounds based on vastly different dissolution or release rates from 

the deposited solid.  It also highlights the importance of solute/SC lipid interactions in determining 

skin permeation rates.  The mechanistic model offers a quantitative explanation for practical 

guidance from an earlier generation of pharmaceutical scientists:  “In general, an efficacious 

topical gel formulation is one in which:  (a) the concentration of diffusible drug in the vehicle…is 

optimized by ensuring that all of the drug is in solution, (b) the minimum amount of solvent is 

used to dissolve the drug completely…, and (c) the vehicle components affect the permeability of 

the stratum corneum in a favorable manner.”69 
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