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Abstract
Propylene glycol (PG) has been used in formulations as a co-solvent and/or to enhance drug permeation through the skin 
from topical preparations. Two skin in vitro permeation approaches are used to determine the effect of PG on drug penetra-
tion. The in vitro Skin-PAMPA was performed using 24 actives applied in aqueous buffer or PG. PG modulates permeability 
by increasing or diminishing it in the compounds with poor or high permeability, respectively. Percutaneous absorption 
using pigskin on Franz diffusion cells was performed on seven actives and their commercial formulations. The commercial 
formulations evaluated tend to have a lower permeability than their corresponding PG solutions but maintain the compound 
distribution in the different strata: stratum corneum, epidermis and dermis. The results indicate the enhancer properties of 
PG for all compounds, especially for the hydrophilic ones. Additionally, the Synchrotron-Based Fourier Transform Infrared 
microspectroscopy technique is applied to study the penetration of PG and the molecular changes that the vehicle may pro-
mote in the different skin layers. Results showed an increase of the areas under the curve indicating the higher amount of 
lipids in the deeper layers and altering the lipidic order of the bilayer structure to a more disordered lipid structure.
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Introduction

Generally, the stratum corneum (SC) is considered the rate-
limiting layer of the skin regarding transdermal drug absorp-
tion. Drug permeation across the SC depends on the interac-
tion among the skin, drug and other components within the 
formulation.

Originating from the structure of the SC, two main 
permeation pathways can be considered: the intercellular 
route and the intracellular route. In the intracellular route, 
the chemical is transferred through the keratin-packed cor-
neocytes by partitioning into and out of the cell membrane. 
This route is not considered the preferred way of dermal 
diffusion because of the very low permeability through the 
corneocytes and obligation to partition several times from 
the more hydrophilic corneocytes into the lipid intercellular 
layers in the SC and vice versa. The intracellular pathway 
can gain importance when a penetration enhancer is used, 
that may modify the corneocyte protein structure and, hence, 
change their permeability. The intercellular route is the 
major route of penetration for most compounds, especially 
when steady-state conditions in the SC are reached. In this 
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case, the chemical is transferred around the corneocytes in 
the lipid-rich extracellular regions within the SC.

Permeation of a chemical through the SC is basically a 
diffusion process. For many compounds, the lipophilic SC 
is the rate-limiting barrier. However, diffusion through the 
viable epidermis and dermis can be rate limiting when the 
SC is damaged or affected by disease. Although this path-
way is very tortuous and, therefore, much longer in distance 
than the overall thickness of the SC, the intercellular route 
is considered to yield much faster absorption due to the high 
diffusion coefficient of most drugs within the lipid bilayer. 
Because of the bilayer structure, the intercellular pathway 
provides hydrophilic and lipophilic regions, allowing more 
hydrophilic substances to use the hydrophilic and more lipo-
philic substances to use the lipophilic route. Additionally, it 
is possible to influence this pathway by certain excipients in 
the formulation [1].

One long-standing approach to improve transdermal drug 
delivery uses penetration enhancers (also called sorption 
promoters or accelerants) that penetrate the skin to revers-
ibly decrease the barrier resistance [2, 3]. One strategy for 
overcoming the barrier property involves the use of so-called 
chemical penetration enhancers, which can be combined 
with skin hydration (occlusion) or increase temperature [4]. 
PG has been used in skin preparations since 1932 either as 
a co-solvent for poorly soluble materials and/or to enhance 
drug permeation through the skin from topical preparations 
[5, 6] and in different drug delivery systems as in liposomes 
where PG can modulate biophysical properties of bilayer 
vesicles [7]. However, the mechanism of action of PG in 
enhancing drug permeation is not clearly understood [3]. 
Hoelgaard and Mollgaard [5] suggested a possible “carrier-
solvent “effect. Osterenga et al. [8] and Bowstra et al. [9] 
attributed this effect to dehydratation and Zhang et al. [10] 
to an increased solubility in intercellular lipids of stratum 
corneum. Some authors have suggested that PG is not inter-
calated in the lipid bilayers but may be incorporated into 
the head group regions of lipids [11]. The interaction of PG 
with SC has been investigated by many techniques, Differ-
ential Scanning calorimetry (DSC), small- and wide-angle 
X-ray diffraction techniques (SAXS and WAXS) that have 
proposed the integration of PG into the lipidic hydrophilic 
regions [12]. Using “in vitro” percutaneous penetration, 
Trottet et al. [13] found a correlation between the amount 
of active permeation and amount of PG dosed on the skin. 
Similar results were obtained using confocal Raman analysis 
[14, 15]. In the present work, Synchrotron-Based Fourier 
Transform Infrared microspectroscopy (µFTIR) is presented 
to add knowledge about the skin enhancer mechanism of PG.

Recently, there has been an exponential increase in the 
use of the Fourier transform infrared (FTIR) spectroscopic 
technique in skin science and dermatology. It provides a 
wealth of information on the cellular and molecular levels 

of solid and liquid specimens without using external agents 
such as dyes, stains or radioactive labels [1, 16-19]. µFTIR 
is a conventional infrared spectrometry technique with lit-
tle modifications to be adapted to the synchrotron infrared 
source and microscope. These modifications represent a sig-
nificant enhancement over conventional IR. Some authors 
have studied simultaneously the skin composition, structure 
and molecule penetration [20]. Others have used µFTIR to 
study the effect of penetration enhancers on the SC lipidic 
structure and to follow exogenous molecule penetration [21]. 
Another technique is a rheological analysis that represents 
an adequate modeling to evaluate the properties of skin to 
predict the possible modifications due to topical applications 
and their effects on the skin barrier function [22].

Spectral analysis is a crucial step to draw conclusions 
from the µFTIR experiments. To extract information from 
the spectra, many mathematical calculations can be per-
formed e.g. baseline, normalization, second derivative, and 
principal component analysis. Moreover, when the spec-
tral contribution of a substance is to be determined, other 
methods arise. In this work, peak fitting and classical least 
squares (CLS) analyses will be performed. The µFTIR study 
to determine the effect of PG penetration on the SC lipidic 
structure will be supported by some in vitro permeability 
studies of different topical drugs formulated in PG or in 
aqueous buffer or in their commercial creams.

Predicting human skin permeability of the chemical 
actives efficiently and accurately is useful to develop der-
matological medicines and cosmetics. The evaluation of 
percutaneous permeation of molecules is one of the main 
steps in the initial design and later evaluation of dermal 
or transdermal drug delivery. From the different scientific 
alternatives to investigate percutaneous absorption phenom-
ena, it is now widely accepted that the diffusion processes 
of drugs into the skin can be described by Fick’s first law 
[23]. This equation assumes that diffusion occurs in favour 
of the concentration gradient in other words, from a higher 
to lower concentration. This principle is applied in recent 
mathematical models used to describe the dermal absorp-
tion through the SC [24]. The permeability constant (Kp) is 
defined as the steady-state flux of the chemical across the 
skin (Jss) normalized by the concentration gradient (ΔCv) 
and allows comparison of the results for different substances 
with reasonable accuracy (Eq. 1). Thus, the assessment of 
the permeability constant (Kp) has been the main focus of 
permeation models.

The Skin-PAMPA is an in vitro assay for skin penetra-
tion measurements. The skin-PAMPA membrane was cre-
ated using cholesterol, free fatty acid and ceramide analogue 

(1)Kp =
J
ss

ΔC
v



Archives of Dermatological Research	

1 3

compounds that mimic the features of the lipid matrix of 
the SC [25]. Based on a 96-well plate format, this system 
allows the screening of compounds and effective prediction 
of their permeability by calculating the effective perme-
ability coefficients (Pe). The Franz diffusion cell is one of 
the most widely used systems for in vitro skin permeation 
studies [26]. Using this methodology, any type or amount 
of formulation (within the capacity of the donor chamber) 
may be applied to the skin or to synthetic membranes. The 
amount of drug that diffuses across the skin or membrane 
can then be determined. Porcine skin is histologically similar 
to human skin [27, 28] with a comparable SC thickness of 
21–26 μm [29, 30].

In the present work, two skin in  vitro permeation 
approaches are used to determine the effect of PG on drug 
penetration. Additionally, the µFTIR technique is used not 
only to study the penetration of the enhancer within the skin 
but also to study the molecular changes that the vehicle may 
promote in the different skin layers. Therefore, the effect 
of vehicles on skin permeation using Skin-PAMPA and 
Franz diffusion cells with pigskin was determined, and the 
enhancer effect of PG was considered based on its skin pen-
etration and lipid modification of the skin substrate.

Materials and methodology

Topical actives and formulations

A vast number of topical actives (Table 1) was employed to 
study the effect of PG in the different permeation models. 
The actives are indicated in Table 1 and the formulations, 
self-prepared and commercial ones, are shown in Table 2.

Skin parallel artificial membrane permeability assay 
(Skin‑PAMPA)

In the Skin-PAMPA assay, active permeabilities were stud-
ied when they were solved in a solution at the physiologi-
cal skin surface pH 5.5 (Pion, No. P/N 110151 50 mL) and 
in PG (Sigma Aldrich, St Louis, MO, USA), at 20 µM. In 
both cases, a 2% v/v of dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St Louis, MO, USA) was employed.

The Skin-PAMPA sandwiches were purchased from Pion 
Inc. (Precoated permeability plates; PN 120691). The manu-
facturer instructions had been followed. Before forming the 
sandwich, the bottom (donor) plate was filled with 200 µL of 
the previously described solution (solution at pH 5.5 or PG). 

Table 1   Compound (abbreviation), CAS number, manufacturer, MW, log P and type of compound of the selected substances

Compound (abbreviation) CAS number Manufacturer MW Log P Type of compound

Azelaic acid (Az) 123-99-9 Sigma 188 − 0.16 Acid
Betamethasone dipropionate (Bet) 5593-20-4 Sigma 505 3.96 Neutral
Bexarotene (Bex) 153559-49-0 Selleck 348 5.50 Acid
Calcipotriol monohydrate (Cal) 147657-22-5 MatTek 413 3.84 Neutral
Clindamycin (Cli) 18323-44-9 Axon Medchem 425 − 1.00 Basic
Clobetasol propionate (Clo) 25122-46-7 AK Scientific 467 4.18 Neutral
Dapsone (Dap) 80-08-0 Fluka 248 1.27 Neutral
Diclofenac sodium (Dic) 15307-79-6 Sigma 296 2.75 Acid
Diphenhydramine (Dip) 58-73-1 Pacific 255 0.52 Basic
Eflornithine (Efl) 70052-12-9 Chem-Impex International 182 4.24 Zwitterion
Finasteride (Fin) 98319-26-7 Fluka 373 − 4.66 Neutral
Fluorouracil (Fo) 51-21-8 Sigma 130 − 0.66 Neutral
Flurandrenolide (Fra) 1524-88-5 Sigma 437 1.56 Neutral
Glycopyrrolate (Gly) 596-51-0 Spectrum Chemical 318 − 0.66 Quaternary salt
Imiquimod (Imi) 99,011-02-6 Ak Scientific 240 − 1.41 Neutral
Ketoconazole (Ket) 65277-42-1 Intex Quimica 531 3.65 Neutral
Lidocaine (Lid) 137-58-6 Sigma 234 0.61 Basic
Metronidazole (Met) 443-48-1 Sigma 171 − 0.46 Neutral
Nicotine (Nic) 22083-74-5 Tocris, UK 162 0.61 Basic
Salicylic acid (Sal) 69-72-7 Sigma 138 − 0.67 Acid
Tacrolimus monohydrate (Tac) 109581-93-3 LC Laboratories 804 5.59 Neutral
Tazarotene (Taz) 118292-40-3 Sigma 351 5.22 Neutral
Terbinafine (Ter) 91161-71-6 Selleck 291 2.36 Basic
Tofacitinib (Tof) 477600-75-2 MedChem Express 312 0.56 Neutral
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The acceptor plate was filled with 200 µL of fresh Prisma 
HT Buffer at pH 7.4 and containing 2% v/v DMSO which 
ensure the sink conditions during the test. The resultant 
sandwich was incubated for 5 h at room temperature. After 
the permeation time, the PAMPA sandwich was separated, 
and 100 µL of both the donor and acceptor compartments 
was transferred to UPLC plates. The analytical procedure 
followed for their analysis is detailed as follows. For the 
effective permeability coefficient (Pe) calculation, the pro-
cedure detailed by Ottaviani et al. was followed [31].

Skin preparation for Franz cells and µFTIR

In accordance with an approved Institutional Animal Care 
and Use Committee protocol, unboiled porcine skin was 
obtained from the dorsal area (dermatomed skin) of female 
white/Landrace pigs weighing 30–40 kg. The skin was pro-
vided by the Clinic Hospital of Barcelona. Following eutha-
nasia of the pigs, the bristlers were removed carefully with 
an animal clipper and were subsequently gently washed with 
water. The hair-clipped skin was dermatomed using a Der-
matome GA630 system (Aesculap, Tuttligen, Germany) to 
a thickness ranging from 500 ± 50 µm, cut into appropriate 
pieces (2.5 cm inner diameter) and then sealed and stored 
under vacuum at − 20 °C until their use.

Permeation studies using Franz diffusion cells

Static Franz diffusion cells (Lara-Spiral, Courtenon, France) 
with a nominal surface area of 1.86 cm2 and a receiver com-
partment capacity of approximately 3 mL were employed. 
The OECD Guidelines [32] and published opinions of the 
Scientific Committee on Cosmetic Products and Non-Food 
Products [33] were closely adhered to during this study. 
Additionally, several other classical and updated principles 
of percutaneous absorption were considered [34].

Unboiled porcine skin was provided from the Depart-
ment of Cardiology from the Hospital Clínic of Barcelona. 
Animal handling was approved by the Institutional Review 
Board and Ethics Committee of Institut d’Investigacions 
Biomèdiques Agustí Pi i Sunyer. Back skin from Landrace 
large white pigs weighing 30–40 kg was collected as previ-
ously described [35].

The employed skin was thawed and mounted with the 
top/SC side facing the donor compartment. The recep-
tor chamber was filled with receptor fluid (RF), Dulbecco 
phosphate-buffered saline at pH 7.4 (Sigma, St. Louis, MO, 
USA) in MilliQ water with the addition of 0.04% (w/v) gen-
tamicin sulfate salt (Sigma, St Louis, MO, USA) and of 5% 
bovine serum albumin (Sigma, St Louis, USA). The bovine 
serum albumin was added following the recommendations of 
OECD2010 to increase the uptake of lipophilic compounds 
[36] and maintain sink conditions during all the experiment. Ta
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Air bubbles were carefully removed between the skin and 
RF. The RF was agitated (600 rpm) using a magnetic stir-
ring bar.

The assembled Franz-type cell was placed in a thermo-
statically controlled water bath maintained at 37 °C and 
containing a magnetic stirring device, and the skin surface 
temperature was maintained at approximately 32 °C. To 
eliminate the damaged skin, the transepidermal water loss 
value (TEWL) was measured using a Tewameter TM210 
system (Courage & Khazaka, Cologne, Germany) at the 
moment of the formula application, considering correct 
TEWL values under 15 g m−2 h−1. At this point, a finite 
dose of 10.75 µL cm−2 of each formulation was applied to 
the top of skin delimited by the upper cell. At 24 h, recep-
tor fluid was collected and transferred to a 5 mL volumet-
ric flask and then was stored at − 20 °C until analysis. In 
the case of skin, the different skin layers were separated 
as follows. The skin surface was washed with 500 μL of 
a solution at 0.5% of sodium lauryl ether sulphate (BASF, 
Ludwigshafen, Germany) followed with 2 × 500  μL of 
water and wiped with a cotton bud to remove any remain-
ing formulation. Next, 8 strippings were carried out on the 
surface horny layers of the SC with strips of adhesive tape 
(D-Squame; Cuderm Corporation, Dallas, USA) applied 
under controlled pressure (80 g cm−2 for 5 s). Finally, the 
viable epidermis (E) was separated from the dermis (D) after 
heating the skin at 80 °C for several seconds. The wash (W) 
and cotton bud were extracted into 10 mL of solvent. The 
stratum corneum (tape strips) (SC) was extracted into 2 mL 
of extractor solvent. The viable epidermis and dermis were 
appropriately extracted into 1 mL of extractor solvent. The 
wash, D-Squame tapes, epidermis and dermis samples were 
extracted with acetonitrile (Fisher Scientific, UK) contain-
ing 0.5% of trifluoroacetic acid (Sigma, USA) (ACN-TFA 
0.5%). Thereafter, all the samples were shaken for 30 min 
and sonicated for 15 min.

Ultra‑performance liquid chromatography‑tandem 
mass spectrometry (UPLC‑MS/MS)

The wash, D-Squame tapes, epidermis and dermis samples 
were diluted with water 1:3 (v/v) and filtered (0.45 µm, 
Millipore) prior analysis by UPLC-MS/MS. The receptor 
fluid sample levels were determined by UPLC-MS/MS after 
protein precipitation with ACN-TFA 0.5%, centrifugation at 
4000 rpm for 10 min (4 °C) and dilution of the supernatant 
with water 1:3 (v/v).

The MS detector used was Waters XEVO TQS. The 
column used was a Waters Acquity UPLCTM BEH C18 
(1.7 µm, 2.1 × 50 mm), maintained at 40 °C. The autosam-
pler temperature was 8 °C. The mobile phase A contained 
0.05% HCOOH (Sigma, At Louis, MO, USA) plus 2.5 mM 
of NH3 (Sigma, St. Louis, MO, USA) (pH 3), and the mobile 

phase B was acetonitrile (ACN). The flow remained stable at 
0.400 µL min−1 for all compounds. The analytical conditions 
for the actives are detailed in Table 3.

Imaging of skin cross‑sections using 
Synchrotron‑based Fourier transform infrared 
microspectroscopy (µFTIR)

µFTIR can be used to map skin cryosections. When a sample 
area is analyzed, many measurements in each map position 
are performed. Each position means one spectrum. By com-
bining the spatial information with spectral information, 2D 
images can be created.

µFTIR sample preparation

The same day of slaughter, 10 µL/cm2 of a substance was 
applied and gently spread over the skin surface (treated skin 
section). The incubation of the skin was performed at room 
temperature (20–25 °C) on a Petri dish with a wet paper 
filter to avoid drying of the skin. After 30 min of exposure, 
a biopsy from the treated area covered with aluminum foil 
to avoid interferences was embedded in CRYO-M-BED 
(Bright, UK), frozen in nitrogen liquid and stored at − 30 °C. 
For the preparation of non-treated samples (Blank skin sec-
tion), a biopsy of skin was taken and then embedded as 
explained for the PG sample. The day before FTIR analysis, 
the skin blocks were cut at 6 µm thickness and mounted in 
a CaF2 window that was 1 mm in thickness and 13 mm in 
diameter (Crystran, Dorset, UK).

µFTIR experiments

Synchrotron-Based Fourier Transform Infrared micro-
spectroscopy was performed at the MIRAS beamline at 
the ALBA synchrotron (Cerdanyola del Vallès, Spain) 
[37]. CaF2 windows containing the cross-sections were 
placed in a Hyperion 3000 microscope (Bruker, USA) 
coupled to a Vertex 70 spectrometer (Bruker, USA). The 
employed detector was a 50 µm HgCdTe (MCT) Detector 
(10,000–600 cm−1). The infrared spectra were acquired at 
room temperature in the transmission mode. The data were 
recorded using an aperture size of 10 µm × 10 µm. The spec-
tra were collected in the 4000–800 cm−1 mid-infrared range 
at a spectral resolution of 4 cm−1 with 128 co-added scans 
per spectrum.

µFTIR data treatment and statistical analysis

To extract spectral information, the OPUS software (Bruker, 
USA) was used. The obtained data were processed as fol-
lows: the spectra with higher intensities than 1.5 a.u. were 
excluded for the calculations due to the lack of spectral 
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quality and presence of saturated regions. Next, each spec-
trum was manually grouped considering which layer was 
acquired (epidermis or dermis) and if it was untreated (NT) 
or treated with PG. The peak positions were determined 
using OMNIC software version 7.3 (Nicolet, Madison, 
WI) and a Gaussian–Lorentzian peak fitting after baseline 
and normalization. Analysis of every spectrum was made, 
and the average and standard deviations were calculated in 
every sample. To compare the different spectra groups, prin-
cipal component analysis (PCA) was performed using the 
Unscrambler® (CAMO software, Norway) [38].

The spectral analysis is a crucial step to draw conclu-
sions from the µFTIR experiments. To extract information 
from the spectra, many mathematical calculations could be 
performed e.g. baseline, normalization, second derivative, 
and principal component analysis. Moreover, when the spec-
tral contribution of a substance is to be determined, other 
methods arise. Peak fitting and classical least squares (CLS) 
analysis have been performed. Peaks and spectral bands are 
usually studied using the peak fitting method. Experimen-
tally measured bands or peaks are fitted using the theoretical 
models that create individual peaks from a spectrum that, 

Table 3   Analytical conditions of the selected substances. Employed abbreviations of UPLC-MS: Cone voltage (CV) in V; Collision energy in 
eV (EC); Excitation wavelength (λ) in nanometres; Retention time (Tr) in minutes

* NA not applicable
**NS no signal

Compound Precursor 
ion (m/z)

Product ion (m/z) CV (V) EC (eV) % Phase A (time) λ (nm) Tr (min)

Azelaic acid 187.10 125.0 25 20 85 (i)–55 (1 min)–5 (1.10 min)–85 
(1.70 min)

NA* 1.15–1.2

Betamethasone dipropionate 505.25 279.1 20 20 55 (i)–5 (1 min)–55 (1.70 min) 254 1.05
Bexarotene 347.21 186.0 50 – 20 (i)–5 (1 min)–20 (1.70 min) 258 0.99
Calcipotriol monohydrate 395.1 105 15 35 85 (i)–5 (2 min)–85 (2.20 min) 265 1.85
Clindamycin 425.18 126.0 45 25 85 (i)–55 (1 min)–5 (1.10 min)–85 

(1.70 min)
200–400 1.04

Clobetasol propionate 467.19 278.0 50 25 20 (i)–5 (1 min)–1.70 (20 min) 246 1.07
Dapsone 249.06 92.0 30 20 85 (i)–60 (1 min)–5 (1.10 min)–85 

(1.70 min)
295 1.10

Diclofenac sodium 296.02 215.1 20 20 65 (i)–5 (1 min)–65 (1.70 min) 277 1.08
Diphenhydramine 255.16 167.1 30 20 85 (i)-35 (1 min)–5 (1.10 min)-85 

(1.70 min)
220 1.08

Eflornithine 183 120 20 30 5 (i)–95 (3 min)–5 (3.10 min) NS** 1.82
Finasteride 373.28 57 45 40 65 (i)–20 (1 min)–5 (1.10 min)–65 

(1.70 min)
204 1.0

Fluorouracil 129 86 35 15 5 (i)–95 (3 min)–5 (3.20 min) 266 0.4
Flurandrenolide 437.3 361 5 15 62(i)–45 (0.70 min)–5 (1.10 min)–62 

(1.20 min)
NS** 0.6

Glycopyrrolate 319.21 116.1 40 25 20 (i)–5 (1 min)–20 (1.70 min) 237 1.14
Imiquimod 241.14 185.1 50 20 85 (i)–55 (1 min)–5 (1.10 min)–85 

(1.70 min)
245 1.14

Ketoconazole 531.15 82 40 25 75 (i)–40 (1 min)–5 (1.10 min)-75 
(1.70 min)

243 1.07

Lidocaine 235.17 86.1 40 20 95 (i)–60 (1 min)–5 (1.10 min)–95 
(1.70 min)

277 1.08

Metronidazole 172 82 40 20 7(i)-24 (0.7 min)-95 (0.8 min) 319 1.05
Nicotine 163 132 30 20 85 (i)–35 (4.10 min)–5 (4.20 min) 260 1.10
Salicylic acid 137 93 45 20 95 (i)–44 (3 min)–10 (3.10 min)–95 

(3.20 min)
301 1.86

Tacrolimus monohydrate 804.48 768.0 35 20 45 (i)–5 (1 min)–45 (1.70 min) 200–400 1.23
Tazarotene 352.3 324.1 50 25 71 (i)–88 (0.70 min)–95 (0.80)–71 

(1.20 min)
NS** 0.60

Terbinafine 292.2 141 30 20 65 (i)–5 (1 min)–65 (1.70 min) 284 0.98
Tofacitinib 313.3 149 45 25 95 (i)–75 (1 min)–5 (1.10 min)–95 

(1.70 min)
290 1.21
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when added together, match the original data. Next, the peak 
parameters, including the amplitude, intensity or the peak 
position, can be easily determined and subsequently stud-
ied in detail. To apply the classical least squares regression 
(CLS) [39] to the spectral data, the pure compound spectrum 
of each constituent (loadings) is required. Next, the contribu-
tion (scores) of each loading in the dataset can be calculated. 
These scores are used to create a map showing the distribu-
tion of each reference spectrum.

Results and discussion

As shown in Table 1, the selected set of actives comprises 
a wide chemical diversity, including the following: 1 qua-
ternary salt, 1 zwitterion, 4 acids, 5 bases and 13 neutral 
compounds. The following results of the different applied 
methodologies are discussed. Two in vitro skin permeability 
models have been applied in the present work using syn-
thetic membranes from Skin-PAMPA or pig excised skin 
mounted in Franz cells.

Permeabilities of topical actives studied using 
Skin‑PAMPA

The actives were all formulated in a buffer solution at pH 
5.5 and PG to evaluate by the Skin-PAMPA methodology 
the permeability of the compound in these solvents. The 
permeation coefficient (Pe) was calculated using the amounts 
of activity in each compartment (acceptor and donor) after 
the diffusion period (5 h), using the procedure detailed by 
Ottaviani et al. [29]. The Pe provide information about the 
intrinsic facility of each compound to diffuse across the 
PAMPA membrane.

The results in both experiments (buffer 5.5 and PG) 
are compiled in Fig. 1. They showed the high influence of 

the vehicle on the distribution across the PAMPA mem-
brane. It has to be beard in mind that all actives were 
evaluated at the same concentration in both solvents to 
be, permeabilities, easily compared. This means that drug 
thermodynamic activity was not considered. The different 
actives could be labelled considering their log Pe: high 
permeability (log Pe < − 6), medium permeability (log Pe 
between − 6 and − 8) and low permeability (log Pe > − 8). 
When the buffer at pH 5.5 was employed, our set of actives 
showed a high rank of permeability constants (− 10 to − 5) 
(solid pattern in Fig. 1). By contrast, when the substances 
were vehiculized in PG, the permeability constants ranged 
from − 9 to − 7 (dotted pattern in Fig. 1). The substances 
with a high permeability in the buffer solution reduced 
their permeability when the PG was employed, whereas 
the opposite effect was observed in the actives with lower 
permeability constants in the buffer. This effect could be 
due to the influence of the PG by diminishing the barrier 
properties of the membrane that may modulate the active 
permeabilities. PG could modify/solubilize the lipids of 
the membrane. Then it could diminish its capability to 
discern the different permeabilities of actives that occurs 
when applied to the skin. The effect of propylene glycol on 
the membranes of Skin-PAMPA is currently being studied 
[40]. Besides, the influence of PG on the skin structure is 
being deepened in this work using µFTIR.

Based on the Skin-PAMPA permeability representa-
tion, compounds of low permeability (log Pe < -8) such 
as Tazarotene and Metronidazole, compounds of medium 
permeability (log Pe from − 6 to − 8) such as Fluoro-
uracil, Ketoconazole and Lidocaine and compounds of 
high permeability (log Pe > − 6) such as Bethametasone 
dipropionate and Clobetasol propionate, were chosen to 
be analyzed by the Franz cell assay both solubilized in PG 
and formulated in their commercial formulations.

Fig. 1   Skin-PAMPA log Pe (cm s−1) values in buffer solution at pH 5.5 (solid pattern) and in propylene glycol solution (dotted pattern). Actives 
are classified in high, medium and low permeability and are ordered from lowest to highest log Pe in buffer
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Permeabilities of topical actives studied using Franz 
cells

Franz diffusion cells with dermatomed porcine skin were 
employed following the corresponding method described in 
the experimental section for percutaneous absorption deter-
mination. The use of Franz diffusion cells allows determi-
nation of the actual amount of drug that diffuses across the 
skin. The distribution in the various skin compartments and 
receptor fluid, mimicking the systemic compartment of the 
selected compounds was determined by UPLC-MS/MS. 
Moreover, the effect of the commercial vehicle comparing 
the penetration profiles in PG will be discussed. Therefore, 
this in vitro system has been used to compare the skin pen-
etration profiles of each compound in different formulations, 
PG solutions, and some of their corresponding commercial 
formulations (Table 2).

The retention of the actives in the skin was evaluated 
from the solution of PG, with the objective to keep the for-
mulation as simple as possible, considering in mind that PG 
is a solvent used in many topical formulations. Moreover, to 
avoid permeability differences caused by the concentration, 
the PG solutions were formulated at the same concentration 
as the corresponding commercial formulation for most of the 
employed actives. In some cases, however, this implies that 
different amounts of different actives were applied; moreo-
ver, the important drug effect caused by the active satura-
tion degree in each formulation was not considered. It is 
also important to remark that the receptor fluid was chosen 
to be the same for all actives, although great differences in 
lipophilicity exist for all them.

The resulting recovery was acceptable (100 ± 25%, 
Table 2) for all the tested formulas. The compounds were 

recovered from the skin surface (W), stratum corneum (SC), 
viable epidermis (E), dermis (D) and receptor fluid (RF) 
(Table 2). The concentrations retained by the SC were not 
absorbed by the skin and did not contribute to the systemic 
dose. However, the concentrations found in the E and D 
could be absorbed and could reach the systemic level [24]. 
Therefore, the amount of percutaneous absorption (ABS) 
is normally assumed to be the sum of the concentrations in 
the E, D and RF. Moreover, for many of the selected actives, 
their therapeutic effect is done in the E and D receptors are 
located in the epidermis and the dermis tissue (E + D); thus, 
the amounts found in such layers are important to know. The 
amounts of actives in every layer, expressed as a relative 
percentage of total content, are represented in Table 2 and 
Fig. 2 for all the actives formulated in PG and in the com-
mercial formulations.

Percutaneous absorption of the 7 evaluated actives 
in PG and in commercial formulations shows a similar 
behavior, and the active is distributed following the order 
W > SC > E > D. The compounds were found to have a 
reduced distribution when moving in depth through the skin. 
In both formulations, a maximum percutaneous absorption 
was found for Lidocaine and Metronidazole followed by 
clobetasol being tazarotene, the worse absorbed compound. 
This finding is not completely in accordance with the perme-
ability value from Skin-PAMPA.

It is important to remark that to compare the different 
formulations it was necessary to evaluate the PG solution 
with the commercial formulation at the same concentration 
of active. This means that they were not applied at saturate 
conditions as it is normally standardized in terms of thermo-
dynamic activity [12, 41]. Then, differences in permeability 
actives could not have been accurately obtained.

Fig. 2   Cumulative amounts (%) found in the stratum corneum (SC), epidermis (E), dermis (D) and receptor fluid (RF) of Bet, Clo, Fo, Ket, Lid, 
Met and Taz in PG and their cream or gel commercial formulations (mean ± SD, n = 6)
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However, lidocaine and metronidazole presented a dif-
ferent profile than the other compounds. The actives are 
scarcely retained in the W and SC but are mainly detected 
in the receptor fluid. Moreover, when the E and D layers are 
observed, more lidocaine is found in D than in E; however, 
in all the other PG solutions, the amounts obtained in E are 
always higher than those in D. Lidocaine and metronidazole 
are small actives with a relatively low hydrophilic character 
and quite low melting points, properties that are known to 
favour skin penetration. Moreover, lidocaine is a basic mol-
ecule with a hydrophilic character at pH 5.5 but is lipophilic 
at pH 7 due to its pKa [42]. The pH gradient at the SC depth 
and change from hydrophilic property to a lipophilic prop-
erty of Lidocaine may influence its high diffusion.

The vehicle effect on the compound skin distributions 
were studied, considering that the PG solutions are for-
mulated at the same concentration as the commercial for-
mulations. A common feature for the PG solutions is that, 
in every skin layer (SC, E and D), the different actives are 
much more present than in creams or gels. This leads to the 
higher absorption observed for PG solutions than creams 
or gels because the absorbed averages are the sum of E, D 
and RF. This also occurs for lidocaine and metronidazole, 
which present a similar pattern when applied in PG than 
when applied as a cream or gel. However, it should be noted 
that the lowest penetration of lidocaine and metronidazole in 
all skin strata occurred in commercial formulations.

Formulation plays a critical role in the delivery of the 
active into and through the skin. We have been using com-
mercial formulations to see how efficient those formulations 
to deliver the actives were. In addition, experiments with 
actives dissolved in PG enabled us to compare permeability 
in a common solvent. These results, though, need to be taken 
cautiously since the saturation degree of each active in the 
vehicle has an impact on the final outcome [3].

It is important to consider the enhancer effect of PG found 
for all actives studied in front of creams. However, some 
actives are more sensitive than others to the enhancer. On 
the one hand, percutaneous absorptions of the most hydro-
phobic compounds (Bet, Clo, Ket, and Taz) in creams are 
all approximately 2%, and the effect of PG increases these 
values to 3–7% (an increase of 200–400%). On the other 
hand, percutaneous absorption of the most hydrophilic 
compounds (Fo, Lid and Met) in creams ranges from 1 to 
10% and the effect of PG increases these values to 6–60% 
(Increase of 500–1000%). This indicates that the enhancer 
effect demonstrated for all compounds is more marked for 
the hydrophilic compounds, and the possible modification 
of the skin hydrophobic lipidic barrier facilitates greatly the 
penetration of the hydrophilic compounds. A different satu-
rated activity of the hydrophilic and lipofilic substances in 
PG could also be the reason for the changes in permeability 
of these compounds depending on the formulation. Previous 

works with different enhancers also indicate that hydrophilic 
molecules, owing to their low partition coefficient and high 
hydrogen bonding potential, would show a dramatic increase 
in permeation with suitable enhancers. However, lipophilic 
molecules which move with a relative ease through the SC 
do not have the same opportunity to act as indicators of 
enhancement [43-45].

In summary, a compound distribution (W > SC > E > D) 
was maintained in PG and cream formulations. Moreover, 
the effect of PG solutions promotes the highest amount of 
most compounds in all the different layers of the skin (SC, 
E, D). Additionally, this enhancer effect is more marked for 
the hydrophilic compounds. The observed enhancer effect of 
PG in the skin has been widely described [2, 3].

µFTIR study of PG‑treated skin

Propylene glycol has been used as a common solvent for 
many drugs. PG acts by changing the solubility of the com-
pound in the formulation, but it may also act as a fluidizer 
of the intercellular lipid matrix, acting as a skin enhancer.

Non-treated skin (NT) and skin treated with PG (PG) 
were analyzed using synchrotron-Based Fourier Transform 
Infrared microspectroscopy (µFTIR to study the skin altera-
tions when submitted to propylene glycol. Non-dermatomed 
porcine skin was cross sectioned and analyzed using µFTIR 
after PG exposure as detailed in the experimental section.

The skin spectrum is displayed in Fig. 3. The two strong 
absorption bands at approximately 1650 cm−1 (amide I) and 
1550 cm−1 (amide II) are typical protein bands that arise 
mainly from C–O stretching and N–H bending vibrations, 
respectively, of amide groups of the peptide backbone in 
proteins [46]. The absorption bands from 3000 to 2800 cm−1 
are due to the C–H stretching motions of the alkyl groups 
present in both proteins and lipids. The signal linked to pro-
teins is a broad band, rather weak compared with the lipids 
absorption that exhibits four fine peaks at approximately 
2850 cm−1 (CH2 symmetrical stretching), 2920 cm−1 (CH2 
asymmetrical stretching), 2870 cm−1 (CH3 symmetrical 
stretching) and 2955 cm−1 (CH3 asymmetrical stretching) 
[47]. A prominent band at 1745 cm−1 related to the C-O 
stretching band of phospholipids, esters and glycerides [48] 
has also been detected.

The areas under the curve (AUCs) were calculated in the 
2800–3000 cm−1 and the 1720–1760 cm−1 regions in all the 
spectra to study how lipids are distributed in both cryosec-
tions (NT and PG). Combining the AUC values with the 
spatial information, the 2D images of the AUC distribution 
were reconstructed (Fig. 3).

Our data show that, for NT and PG, the AUCs are higher 
in the right part of the images, corresponding to the outer-
most part of the skin. This agrees with the described higher 
presence of lipids in the stratum corneum [49]. Comparison 
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between samples indicates that treatment with propylene 
glycol in the skin increased the AUCs not only in the outer-
most region but also in the deeper layers (Fig. 4).

The peak analysed at 1745 cm−1 corresponding to C–O 
stretching of lipids seemed to be predominant after PG treat-
ment in the dermis and epidermis. Not much information 

was found about this particular band and the effect that PG 
may cause. Therefore, further analysis was performed. This 
dataset was also handled by principal component analysis 
(PCA) for the epidermis (Fig. 5a) and dermis (Fig. 5b). 
This technique is commonly used for data classification. 
It reduces the dimension of the data and extracts only the 

Fig. 3   Baseline FTIR spectrum of skin. The lipidic region (3000–2800 cm−1) and C–O stretching band (1745 cm−1) are shaded

Fig. 4   Spatial distribution of 
area under the curve between 
(AUC​2800–3000) and (AUC​
1780–17,000) in non-treated (NT) 
and treated with propylene gly-
col (PG) skin cross sections
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relevant information. The resulting principal components 
(PCs) represent the variance in the data set with decreas-
ing order (PC1 means larger variance than PC2 and so on). 
The scores represent the original data in the new dimen-
sional space spanned by the PCs. Hence, when plotting PC-1 
against PC-2, each spectrum is displayed as a score that car-
ries information about the sample.

In our case, the PC-1 explained more than 95% of the var-
iation of our data in both cases. When representing the PC-1 
against the PC-2, in the epidermis and dermis, it could be 
observed that the treated (blue) and non-treated (red) groups 
were clearly sorted using the PC-1. This means that, in this 
region, we can clearly distinguish differences when skin is 
treated with PG. This fact can also be observed when the 
spectra of PG and NT samples are displayed together. We 
could observe that the 1745 cm−1 band was more present 
after propylene glycol treatment and allowed the differen-
tiation of most of the treated or non-treated regions in the 
epidermis (a) and moreover in the dermis (b) spectra.

Moreover, the position and bandwidth of the lipid stretch-
ing bands at 2850 and 2920 are sensitive markers of their 
chain conformational order: the increased rotational motion 
of the alkyl chains during the orthorhombic–hexagonal tran-
sition and introduction of gauche defects in the chains during 
the hexagonal–liquid transition lead to broadening of the 
band and its shift to higher wavenumbers [50]. To study the 

position shifts within our samples, different studies were 
performed.

The spatial information taken with this µFTIR was used 
to create images of the position shifts in the NT and PG 
samples. Thus, the peak fitting method was applied at the 
2850 (νS(CH2)) and at 2920 (νAS(CH2)) positions for all the 
spectral data to detect the respective position shifts.

In Fig. 6, the increasing position shift in the 2850 cm−1 
and 2920 cm−1 regions after propylene glycol treatment 
can be observed. The NT position values fluctuate between 
2850 (predominant in the outermost region) until 2855 (in 
the deeper regions), in accordance with the increasing lipid 
disorder in the dermis described in other works [50]. When 
PG is applied the position values are mainly at 2855 and, in 
some regions, are elevated to 2858. Moreover, after PG treat-
ment no progression of the lipid disorder can be so clearly 
observed when moving in depth into the skin. Similar infor-
mation can be extracted regarding the position shift at 2920 
in both samples. In the blank, values of 2923 are predomi-
nant in the image, and smaller regions with values of 2926 
are observed. PG treatment clearly increases the position 
shift to higher values, with values between 2926 and 2928 
predominant in all the mapped area.

To specifically study the position shifts in the SC, E and 
D, the CLS method was applied. Considering the micro-
scopic image, one spectrum for each skin layer was taken as 

Fig. 5   Principal component analyses of epidermis a and dermis b at 
1745  cm−1. Spectra are colored in red (non-treated) and blue (PG). 
Upper part contains the representation of PC-1 against PC-2 of all the 

spectra. The spectra used for the PCA calculation are also displayed 
in the lower part
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a reference spectrum and loaded for the CLS score calcula-
tions. The obtained scores, with values from 0 to 100, indi-
cate the similarity between each sample spectrum against the 
three loaded reference spectra. By plotting these scores as an 
image and overlaying them with the microscopic image, the 
distribution of each skin layer can be distinguished (Fig. 7).

In green, the stratum corneum is distributed in a narrow 
area on the outermost part of the skin. The epidermis (in red) 
indicates a wider region under the stratum corneum. Finally, 
a small portion of the dermis was recognized in both cases 
(blank and PG) in the deepest region of the analyzed area. 
Both samples seemed to present the three layers reasonably 
distributed if considering the microscopic image.

Hence, considering that the reference spectra were cor-
rectly assigned, the loaded reference spectra were ana-
lyzed to determine their differences and relate them to the 

increased lipid fluidity caused by propylene glycol. The posi-
tion shifts at 2920 and 2850 for all the 6 spectra: stratum 
corneum, epidermis and dermis for blank and PG samples, 
were analyzed using the peak fitting (Fig. 8).

The results confirmed the shifts to higher values after PG 
treatment. Both positions were sensitive to the PG treatment 
and were different between the different skin layers. In the 
three skin layers, comparing PG against Blank, the posi-
tions at 2850 and 2920 were increased. Moreover, increas-
ing shifts were observed within each sample when moving 
more in depth: SC values are lower than those of E and D. 
Nevertheless, it is important to state that, although the dif-
ferent components were correctly assigned, to have more 
robustness in our results, more spectra should be studied.

In summary, alteration of the barrier function of pro-
pylene glycol includes affecting the bilayer structure of the 

Fig. 6   Upper images contain 2850 cm−1 position variations for blank (NT) and PG mapped areas. Lower images contain 2920 cm−1 position 
variation for blank (NT) and PG mapped areas
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intercellular lipids. Based on numerous experiments [51], 
the action of solvents such as PG was attributed to a pure 
cosolvent effect. Maximizing the thermodynamic activity 
of a drug in the vehicle PG contributes to increased drug 
uptake into the skin [52]. However, it is unlikely that only 

one mechanism is responsible for the enhancement of drug 
penetration, particularly for small molecules. The present 
study indicates not only an increase in the disorder of lipid 
in the epidermis and dermis after treatment with propyl-
ene glycol but modification of the C-O band attributed to 

Fig. 7   CLS scores plotted in green (Stratum Corneum), red (epidermis) and blue (dermis) for the non-treated (NT) and propylene glycol treated 
(PG) samples

Fig. 8   Classical least squares (CLS) loaded spectra of stratum corneum (green), epidermis (red) and dermis (blue) and the positions at 2850 and 
2920 regions
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phospholipids, glycerides and esters in the upper regions of 
the skin but also in depth.

Conclusions

The in vitro assay Skin-PAMPA with artificial membranes 
was performed with 24 actives formulated in aqueous buffer 
at pH 5.5 or PG. When the buffer was employed, the actives 
showed a high range of permeability constant (from − 10 
to − 5), which diminishes (from − 9 to − 7) when the 
substances are vehiculized in PG. This solvent, which is 
well-known as a skin enhancer, modulates permeability by 
increasing the permeability of compounds with poor perme-
ability and diminishing the permeability of actives with high 
permeability.

Percutaneous absorption with pigskin on Franz diffusion 
cells was performed on 7 actives with different permeability 
from the Skin-PAMPA assay, using a pure PG solution and 
their commercial formulations. The active amounts in the 
different skin strata (Stratum Corneum, epidermis and der-
mis) and receptor fluid were determined. In general, the dis-
tribution of compounds was found to decrease when moving 
in depth through the skin. The five creams and 2 gels evalu-
ated tend to have, in all cases, a lower permeability than 
their corresponding PG solutions, with lower amounts of 
activity in all the skin layers (SC, E and D), but maintaining 
the compound distribution in the different strata. The results 
indicate that the enhancer properties of PG demonstrated for 
all compounds are more marked for the hydrophilic com-
pounds. The possible modification of the skin lipidic barrier 
facilitates greatly the penetration of hydrophilic compounds.

The structural skin lipid modification due to PG used on 
formulations was performed by µFTIR. Treatment of PG 
in the skin increased the AUCs not only in the outermost 
region of the stratum corneum but also in the deeper layers 
indicating the higher amount of lipids in these layers both in 
the CH2 and CO vibrational regions of the spectra. Moreo-
ver, the epidermis and dermis were found to be modified by 
altering the lipidic order of the bilayer structure to a more 
disordered lipid structure. Changes in the C-O band attrib-
uted to phospholipids, glycerides and esters could indicate 
the modification of these compounds. This could be one 
of the reasons of the poor correlation between permeation 
methodologies when actives are formulated with PG.
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