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The study of human skin represents an important area of research and development in dermatology,
toxicology, pharmacology and cosmetology, in order to assess the effects of exogenous agents, their
interaction, their absorption mechanism, and/or their toxicity towards the different cutaneous structures.
The processes can be parameterised by mathematical models of diffusion, of varying degrees of
complexity, and are commonly measured by Franz cell diffusion, in vitro, and tape stripping, in vitro or
in vivo, techniques which are recognised by regulatory bodies for commercialisation of dermally applied
products. These techniques do not directly provide chemically specific measurement of the penetration
and/or permeation of formulations in situ, however.

Raman microspectroscopy provides a non-destructive, non-invasive and chemically specific method-
ology for in vitro, and in vivo investigations, in-situ, and can provide a powerful alternative to the current
gold standard methods approved by regulatory bodies.

This review provides an analysis of the current state of art of the field of monitoring dermal pene-
tration and permeation kinetics of topical products, in vitro and in vivo, as well as the regulatory re-
quirements of international guidelines governing them. It furthermore outlines developments in the
analysis of skin using Raman microspectroscopy, towards the most recent demonstrations of quantitative
monitoring of the penetration and permeation kinetics of topical products in situ, for in vitro and in vivo
applications, before discussing the challenges and future perspectives of the field.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The study of human skin represents an important area of
research and development in dermatology, toxicology, pharma-
cology and cosmetology, in order to assess the effects of exogenous
agents, their interaction, their absorption mechanism, and/or their
e).
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toxicity towards the different cutaneous structures [1]. Topically
applied formulation products and transdermal formulations are
commonly used to carry active pharmaceutical (API) or cosmetic
(ACI) ingredients to the skin and the underlying tissue, or through
the skin for systemic action. They offer advantages such as avoid-
ance of hepatic first pass metabolic effects, which is a serious effect
of oral administration, as well as targeted delivery for local treat-
ment of skin pathologies, controlled drug release, non-invasive
drug delivery, and improved patient compliance [2]. Understand-
ing the composition and properties of human skin is also of
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significant importance for glucose sensor development, given the
increased prevalence of diabetes [3e5].

The stratum corneum (SC) of the skin, although only 10e30 mm
in thickness in most anatomical sites [6], forms a very effective
barrier to the penetration of topically applied products, and SC-
penetration and permeation are the rate limiting steps in dermal
and transdermal drug delivery. The regulatory guidelines for topi-
cally applied products highlight the importance of sampling their
distribution across, and transport through the SC, while maintain-
ing its integrity [7]. However, current “gold standard”methods that
are recommended for testing new products and for demonstrating
the equivalence of generic products to the original product, do not
visualise or monitor the penetration or permeation of the product
in the skin, in situ. In vivo SC sampling protocols require sequential
“stripping” of layers of the SC to determine the distribution profile
of the API, while in vitro techniques monitor the permeated flux of
material through excised skin samples. Clearly, a methodwhich can
noninvasively and quantitatively determine the concentration
profile of a drug in the skin, in situ, is highly desirable.

Raman spectroscopy (RS) is a non-destructive, non-invasive and
chemically specific optical technique, with demonstrated potential
for in vitro, ex vivo and in vivo investigations [8,9]. Performed in
confocal microscopic mode, with near infrared lasers as source, it
can characterise the biochemical profile of the skin, and screen the
distribution of chemical entities applied topically, in situ, with high
spatial resolution, up to ~100 mm below the skin surface. Mea-
surements can be performed in vivo, or in vitro in excised tissue or
tissue models, en face or in cross-sections.

This paper provides a short introduction to skin penetration and
permeation, the current gold standard methods for their analysis,
and the regulatory guidelines governing them. It then explains the
principles of confocal Raman microspectroscopy (CRM), describes
its application to the field of research of skin and the topically
applied products, using examples of recent advances, and makes
the case for the acceptance of the methodology for routine moni-
toring of penetration and transdermal permeation kinetics of API
and ACI, particularly for equivalence testing of generics.

2. The physical barrier function of skin

Anatomically, the skin is a heterogeneous organ, containing
several biologically different layers, as well as appendages such as
pilosebaceous units (hair follicles, sebaceous glands and the erector
pili muscle), eccrine sweat glands and, in some body parts, apocrine
glands [10]. Histologically, it is a squamous, keratinised stratified
epithelial tissue. The main layers are the SC, the stratum germi-
nativum or viable epidermis (VE) (collectively termed the
epidermis), the dermis and the hypodermis or subcutaneous tissue.

The understanding of human skin physiology has led to the
identification of four different types of barrier functions. These are
the physical, the chemical, the immunological and the anti-
microbial barriers [11]. However, in general, it is the physical bar-
rier, mainly performed by the proteinaceous and lipidic composi-
tion of the SC, that is considered in topical and transdermal
chemical transport studies.

Healthy adult SC ranges in thickness from <20 mmon the cheeks,
buttocks, and forearms to ~200 mm on the palms of the hands
[6,12,13], although it can vary as a function of age and in diseased
skin (reviewed in Ref. [10]). The SC is composed of a “bricks and
mortar” cellular phase of closely packed corneocytes, embedded
within a dense lipidic matrix. Healthy SC owes its barrier function
largely to the lipid composition and structure, which has been
studied and reviewed in depth (e.g., Refs. [14e17]). At and close to
the surface of healthy SC, the mass fraction of water, lipids and
proteins is approximately 30, 20 and 50%, respectively [18]. The
2

proportion of water increases with depth into the SC, such that it
represents about 70% of SC mass near the SC-VE interface [19]. In
addition to, for example, the water/keratin filled corneocytes, the
natural hydration level of healthy SC is dependent on the presence
of natural moisturising factor (NMF), a term encompassing an
ensemble of components derived from the precursor filaggrin,
including free amino acids, pyrrolidone carboxylic acid and lactates,
[20,21]. Chemicals that are absorbed into, and penetrate through,
the SC primarily do so primarily via the inter-cellular spaces, by
passive diffusion within the lipid pathway surrounding the cor-
neocytes [22]. The second possible pathway is the intra- (trans-)
cellular pathway, involving diffusion within the lipid domain, par-
titioning from it across the protein envelope of the corneocytes,
diffusion within the corneocyte intra-cellular space and partition-
ing back into the lipid domain. A number of studies have also
suggested the follicular pathway to be a potential route of pene-
tration into the viable skin for lipophilic compounds, via the
sebum-filled infundibulum [23e29].

A variety of dermatological diseases as well as exposure to
toxicants modify the SC composition and structure, potentially
leading to a defective SC barrier function. Causes and effects of skin
diseases on the permeability barrier have been extensively
reviewed [10,15,30e32]. Reviews of the effects of exogenous com-
pounds such as surfactants and permeation enhancers may be
found in Refs. [10,33,34]. Loss-of-function mutation in the pro-
filaggrin gene, resulting in reduced levels of NMF in the SC, as
well as corneodesmosome dysfunction, are also known to be
related to epidermal barrier diseases [35].

3. Skin penetration and permeation

The Organisation for Economic Co-operation and Development
(OECD) defines the percutaneous/dermal absorption process ac-
cording to three steps [7]:

- Penetration: the uptake of a substance into a particular layer or
structure, such as an exogenous compound into the SC;

- Permeation: the penetration through one layer into another,
which is both functionally and structurally different from the
first layer;

- Resorption: the uptake of a substance into the vascular system
(lymph and/or blood vessel), which acts as the central
compartment.

Permeation across the SC is considered the rate determining
step, and once the compound has passed this stage, ideally it
rapidly passes through the remainder of the epidermis and dermis,
under so-called “sink conditions”. To aid in this process, a test
compound, API or ACI, is often loaded in a vehicle, and/or the
formulation can contain permeation enhancers. A number of fac-
tors can influence the processes of Penetration, Permeation and
Resorption of chemical compounds in skin; (i) the Test compound
(Physical state, Molecular size, Lipid/water partition coefficient) (ii)
Skin (Species, Anatomical site, Hydration of SC, Damage to SC) (iii)
Vehicle (Solubility, Distribution in SC, Excipients, Effect on SC pH)
(iv) Application dose (Concentration, Finite and infinite), Total
contact area, Exposure Duration [36]. Understanding, monitoring
and quantifying these multiple influencing factors is the principal
challenge to dermal absorption and penetration studies.

3.1. Mathematical models of skin penetration and permeation:
steady-state transport modelling

Mathematical representation of the dermal absorption of
exogenous agents can help to not only visualise, but also to
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parameterise the processes of penetration, permeation, and
resorption, enabling comparison of experimental methodologies,
and validation of novel analytical techniques. In its most idealised
form, the SC is modelled as a homogeneous membrane, lacking any
of the biological complexity described in Section 2 (Fig. 1). Further
simplifications are:

� the test compound or “donor” (permeantþ vehicle) is modelled
as a large, well-stirred reservoir, implying that the dose of per-
meant on the SC surface remains “infinite”, or undepleted, over
the course of the experiment;

� the permeant is rapidly cleared into the VE at the lower SC
interface, i.e. “sink” conditions.

In this representation, the two physical processes governing
transport of a donor across the SC are equilibrium partitioning
across its interfaces (e.g. donor/SC partitioning coefficient KD/SC)
and passive diffusion (co-efficient DSC) within the SC. Under steady
state conditions, the gradient of donor concentration (CD) across
the SC (height hSC) is constant, and diffusion can be modelled using
Fick's 1st and 2nd laws [37], enabling definition of the steady state
diffusion flux (penetration or absorption rate, (mol/m2.s)):

JSS ¼
KD=SCDSC

hSC
CD ¼ KPCD (1)

and the often reported steady-state permeability coefficient:

Kp ¼
KD=SCDSC

hSC
(2)

The use of the maximum flux at steady-state, JMAX,SS, is advo-
cated, occurring for a pure solid or a saturated solution of permeant
in its vehicle, under sink conditions [38].

The change in CD in the SC as a function of depth and time is
described by

Cðx; tÞ¼KD=SCCD
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where tD ¼ h2SC=DSC is the diffusion time in the SC.
Under steady-state conditions, the non-linear summation term

can be ignored, yielding:

CðxÞ¼KD=SCCD
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1� x
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�
(4)
Fig. 1. Schematic representation of transport into and through the stratum
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Rather than a concentration profile, experimental studies of
topical or transdermal delivery often report the cumulative amount
of donor permeated through the skin as a function of time which,
under steady-state, simplifies to Ref. [37]:

QSSðtÞ¼AJSSðt� tLAGÞ¼AKPCDðt� tLAGÞ (5)

Equation (5) is commonly fitted to the linear portion of exper-
imentally obtained cumulative amount vs. time curves (Fig. 2(a)).
JSS is the slope of the linear phase, whereas tLAG is the intercept of
the linear portion with the abscissa. Although simplistic, such a
mathematical description of the SC barrier function identifies pa-
rameters to quantify the penetration and permeation of topically
applied compounds as: the partition coefficient (KD/SC), the diffu-
sion constant (DSC), the diffusion flux (J), permeability coefficient
(Kp) and the cumulative amount of active permeated through the
skin Q(t), and the time lag (tLAG). Notably, however, the idealised
conditions of infinite dose are not achievable in practice, leading to
a deviation from the model behaviour, due to dose depletion
(Fig. 2(a)) [39].
3.2. In vivo measurement of skin penetration and permeation

In vivomethods for measurement of transdermal resorption use
a physiologically and metabolically intact system, allowing the
determination of the penetration into the systemic circulation. As it
is not feasible to perform extensive testing on humans, animal
models, most commonly rat, are widely employed. The test sub-
stance, usually radiolabelled, is applied to the clipped skin at a
single or a range of dose levels, after which they are euthanised,
blood is collected and the application site removed for analysis,
while the carcass is analysed for any unexcreted material. The
samples are assayed by appropriate means and the degree of
percutaneous absorption is estimated.

For penetration studies, SC sampling of human volunteers by
“Tape stripping” is commonly used [41,42]. After exposure of an
area of skin to a chemical for a fixed period, layers of the SC (~1 mm)
of the exposed site are removed by successive application of ad-
hesive tape. The mass of SC removed per tape should be deter-
mined using a gravimetric method by weighing the tapes strips
before and after stripping. The drug is then extracted from the tapes
then quantified in the extraction solvent(s) [43]. The technique is
used to determine the concentration profile of a chemical in the SC
as a function of depth and mathematical fitting enables the
parameterisation of the process in terms of, for example, KD/SC, J and
Q(t) (Fig. 2(b) [40]). However, this method is unreliable and usually
needs both an accurate estimate of the strip weight and the trans-
epidermal water loss rate following the removal of the strip. The
corneum (SC) following application of an infinite dose of donor, CD.



Fig. 2. (a) Graphical representation of cumulative permeation obtained after infinite dosing, indicating regions of steady-state flux (JSS) and the lag time (tLAG). Also shown is the
deviation from the steady-state behaviour under finite dosing conditions (reproduced with permission from Ref. [39]). (b) Concentration profile of 4-cyanophenol transport across
the depth (x/L) of the human SC in vivo (reproduced from Ref. [40], Copyright (1997) National Academy of Sciences).
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number of strips needed to remove a given fraction of the SC may
vary with the type of tape, the pressure applied and the peeling
force, as well as the anatomical site and the age, sex and ethnicity of
the subject. Nevertheless, tape stripping has the obvious advantage
that it permits determination of SC penetration in humans in vivo.

3.3. In vitro measurement of skin penetration and permeation

The most frequently used model for in vitro skin permeation
studies is the Franz diffusion cell [44], although the Saarbruecken
model [45], Hamburg model [46] and enhancer cells [47] are also
used. The Franz cell contains a donor compartment, to which the
formulation is applied, and a receptor compartment, containing an
appropriate receptormedium. The skin sample is fixed between the
two, in direct contact with the formulation and the receptor me-
dium. Extracts from the receptor medium are taken at predefined
intervals, drug content is analysed and Q(t) is plotted over time. In
accordance with the analysis of Equation (5), Jss is derived from the
slope (Fig. 2(a)). Different formulations and/or the impact of
permeation enhancers can then be quantitatively compared.

In addition to permeation studies, penetration can also be
monitored in vitro. To this end, excised skin is incubated in Franz (or
other) cells, after which the skin may be segmented by either tape
stripping, heat separation or cryo-segmentation [48e50], although
in vitro tape stripping obviously suffers from the same drawbacks as
in vivo tape stripping [51].

4. Legislative considerations

The Organisation for Economic Co-operation and Development
(OECD) “Guidance Notes On Dermal Absorption” [7] provide prac-
tical guidance to facilitate harmonised interpretation of experi-
mental data from specific dermal absorption studies, primarily
focussed on establishing appropriate dermal absorption values for
occupational health and public health risk assessment, and are
generally applicable to dermal absorption studies. Specifically, they
provide additional technical background to both the in vivo and
in vitro methods for skin absorption of chemicals, as described in
Test Guidelines 427 [52] and 428, respectively [53].

The OECD Guideline for the Testing of Chemicals, Skin Absorp-
tion: in vitro Method (Test Guideline 428) [53], endorsed, for
example, by the EU [54], specifically refers to studies which
“measure the diffusion of chemicals into and across the skin to a
fluid reservoir and can utilise non-viable skin to measure diffusion
only, or fresh, metabolically active skin to simultaneously measure
4

diffusion and skin metabolism”. The recommended methodology is
that of the (Franz) diffusion cell. When infinite dose conditions of
exposure are used, skin absorption may be expressed using re-
ceptor fluid data alone, which permit the calculation of a perme-
ability constant (or co-efficient) (Kp). The Guideline recommends
the parallel analysis of relevant reference chemicals, preferably of a
lipophilicity close to the test substance.

Post publication of the OECD Test 428, Franz et al. performed an
evaluation of the kinetics of drug absorption through excised hu-
man skin, to demonstrate the suitability of the technique for studies
of the bioequivalence of topical products [55]. Using generic topical
drug products, the percutaneous absorption as measured using a
Franz diffusion cell was compared to that of their corresponding
reference products during preclinical development and to clinical
data, post regulatory approval. The validity of the in vitro technique,
based on excised skin, was further explored in the review of Leh-
man et al. [56], which examined the scientific literature on com-
pounds whose percutaneous absorption had been measured in
human skin both in vitro and in vivo. The review supported the
validity of the correlation, but highlighted the importance of har-
monisation of measurement protocols.

The European Medicines Agency (EMA) has published a draft
guideline on quality and equivalence of topical products [43],
which details equivalence testing protocols for:

� in vitro release
� in vitro human skin permeation
� in vivo SC sampling (tape stripping)
� in vivo vasoconstriction assay for corticosteroids

Such equivalence testing is applicable, and may be required, in
the context of marketing authorisation applications relying on the
dossier of an existing medicinal product, and in the case of changes
to a product during pharmaceutical development or post-
regulatory approval, which could have a potentially significant
impact on the safety, quality or efficacy of the product.

Recommended permeation kinetics studies are in vitro excised
human skin permeation, in vivo SC sampling (tape stripping) of
human volunteers and pharmacokinetic bioequivalence. Where
possible, pharmacodynamic studies are recommended, including
the in vivo vasoconstriction assay for corticosteroids and in vivo
microbial decolonisation studies for antiseptics, undertaken on
human volunteers.

Although not explicitly referenced, the prescribed study design
of the in vitro permeation test (Appendix I) is based on a diffusion
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test, using excised (ex vivo) adult human skin, similar to that of the
OECD Test 428 [53]. The protocol gives specific detail of; Choice and
preparation of skin membrane, receptor medium, Number of
sampling time points and Recommended dosing amount. Pseudo-
infinite dosing regimens are recommended, and the method and
device of administration should be similar. Relevant permeation
parameters identified are, Jmax and total amount permeated at the
end of experiment (Qtotal) for the test and comparator products, and
the acceptance criteria are detailed. The time of maximal rate of
absorption (tmax) and lag times, should also be reported. The mass
balance should be determined, in accordance with OECD Test 428
[53].

The protocol for in vivo SC Sampling (Tape Stripping) for
equivalence testing is detailed in Appendix III of the EMA draft
guideline [43]. Notably, the United States Food and Drug Admin-
istration [57] proposed similar guidelines for determination of
bioequivalence of topically applied products. A plot of drug content
profile in the SC versus SC depth should be presented (Fig. 2(b)). For
the comparison of products, the equivalence parameters: mass of
drug recovered from the uptake (Muptake) and clearance (Mclearance)
sites, should be statistically compared, according to the Guideline
on the Investigation of Bioequivalence [58].

Both in vivo and in vitro protocols are known to be prone to
significant variability and error, and neither measures the actual
penetration or permeation of the exogenous agent in situ. Meth-
odologies to evaluate skin penetration, in vitro, have recently been
reviewed by Zsik�o et al. [59]. Techniques such as electron micro-
scopy [60], Small Angle X-ray Scattering [60,61], Confocal Laser
Scanning Microscopy (CLSM) [62,63], and Two Photon Microscopy
(TPM) [64] have been explored to examine the penetration profiles
and the interactions of exogenous molecules and substances with
the skin. While electron microscopy and X-ray scattering tech-
niques provide a visualisation of the structures of the SC, neither
provide chemically specific information. In the case of CLSM and
TPM, while the skin autofluorescence can be imaged [64], addi-
tional chemically specific information is provided by fluorescent
probes [62,63] or labels [64]. Guidelines for the validation of new
bioanalytical methods applied to measure drug concentrations in
biological matrices associated with animal toxicokinetic studies
and all phases of clinical trials have also been provided by the EMA
[65], focusing on the provision of quantitative concentration data,
as the basis for pharmacokinetic and toxicokinetic parameter de-
terminations. The main objective of the validation is to demon-
strate the reliability of a particular method for the determination of
an analyte concentration in a specific biological matrix, such as
blood, serum, plasma, urine, or saliva. The main characteristics of a
bioanalytical method that are essential to ensure the acceptability
of the performance and the reliability of analytical results are:
selectivity, carry-over, lower limit of quantification, the response
function and calibration range (calibration curve parameters), ac-
curacy, precision, matrix effects, stability of the standard(s) and
analyte(s), alone and in the biological matrix.

5. Raman microspectroscopy of skin

Raman spectroscopy (RS) provides a label free, fingerprint of the
chemical composition of a sample. Similar CLSM [66], in its confocal
microscopic mode, confocal Raman microspectroscopy (CRM) can
spatially profile the chemical composition of samples in the lateral
or axial directions, in situ, with resolution of the order of microns, or
even submicron, depending on the wavelength of the source. In
spatial mapping, each pixel contains a Raman spectrum, which is a
complex superposition of the spectral features of each of the con-
stituent biochemical. Increasingly, multivariate statistical analysis
has been employed to, for example, spatially cluster spectra of
5

similar profiles, reduce the dimensionality according to principle
components to cluster and differentiate spectral groups within a
dataset, and/or correlate systematic variations of features by
regressing against external variables such as time, distance or
concentration [67].

5.1. Raman spectroscopic analysis of the biochemistry of skin

Early RS studies were performed with the (non microscopic)
Fourier Transform Raman technique, and enabled identification of
the spectral features of the constituent biomolecular components
of SC of post-mortem skin samples [68e70]. The advent of highly
sensitive charged coupled device (CCD) detectors in the mid-1990s
resulted in a shift to dispersive Raman microscopic instrumenta-
tion [71], enabling high spatial resolution of biochemical sub-
structures of the skin, whichweremore easily accessible in sections
of excised skin. Fig. 3 shows the example of a k-means cluster
analysis (KMCA) of a human cadaver skin epidermal cross-section,
profiled by CRM [72]. The spectra associated with each cluster
represent the combination of contributions of all constituent
components of the skin layers, clearly showing the characteristic
differences. Caspers et al., in 1998, performed a similar CRM anal-
ysis of excised human skin sections, confirming that, while the
dermis is dominated by signatures of collagen, the SC is dominated
by contributions from keratin and lipids [8]. Notably, the study also
demonstrated that CRM could be used to perform depth profiling,
or “optical sectioning” of the biochemical composition of skin,
in vivo (Fig. 4), opening up new prospects for non-invasive, in situ/
in vivo monitoring of dermatological processes [8]. The use of op-
tical clearing fluids has more recently been explored to reduce
scattering and improve light penetration [73,74], and the state of
the art of CRM for probing the physiological structure of the SC has
recently been reviewed by Darvin et al. [75].

In the context of quantitative in vivo analysis, Caspers et al.
proceeded to explore the determination of molecular concentration
profiles in the skin [76]. The spectra of each region can be (least
squares) fitted with weighted combinations of the spectra of the
raw constituent components, and thus the composition of each
region determined. The Raman scattering efficiency of each com-
pound can differ significantly, however, and thus relative contri-
butions are most readily determined. The water concentration
profile in the SC was determined by evaluating the ratios of the
characteristic water (3390 cm�1) and protein (2935 cm�1) bands,
weighted by a proportionality constant determined by measure-
ments of pure proteins and water. The study similarly determined
the profiles of the major constituent components of NMF and the
sweat constituents, lactate and urea. A correction factor was
introduced to normalise the spectral response of water and protein
relative to their mass ratio [19], enabling quantification of the %
hydration over the range of analysis.

Depth profiling of the hydration level and NMF (Fig. 5(i)) enables
calculation of the thickness of the SC [6,77e79], which is required
for the mathematical description of penetration and permeation
processes (Fig. 1, Equation (1)) [13,79]. In the methodology of
Crowther et al., the upper ‘levelling off point’ of the hydration
profile (Fig. 5(ii)) was taken to represent the SC depth [78]. The
methodology was validated by comparison of SC thicknesses from a
number of different anatomical sites, obtained directly by Optical
Coherence Tomography (OCT), albeit with relatively less spatial
resolution. Alternatively, Bielfeldt et al. fitted the %Hydration pro-
files with two separate straight lines, one to the rapid increase in
the stratum corneum, the other to the plateau in the deeper stra-
tum granulosum and epidermis. The intersection of the lines was
used to define the lower boundary of the SC [79]. The technique
was validated by comparison of SC thickness of the volar forearm,



Fig. 3. (A) Optical image of human hand skin tissue section; (B) KMCA of Raman spectral map; (C) KMCA mean Raman spectra (i) cluster 3, stratum corneum (ii) cluster 5, in-
termediate epithelial layer (iii) cluster 4, dermis (reproduced from Ref. [72]).

Fig. 4. Schematic representation of in situ, depth dependent Raman microspectroscopic profiling of the SC of skin.
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lower leg and cheek, determined by in vivo CRM, and in vivo CLSM
[6]. Recognising the emergence of an increasing number of ap-
proaches to determination of SC thickness [13,78,79], in 2012,
Hancewicz et al. proposed a consensus approach for determination
6

of SC thickness as measured by CRM [80]. The approach entails the
application of multiple differentmodels andmethods of calculating
the SC thickness to each individual CRM profile. The most likely,
least error, solution is chosen from the distribution of solutions. The



Fig. 5. (i) Comparison of hydration and NMF profiles measured at the same point on the volar forearm (ii) Calculation of SC thickness from hydration curve (reproduced with
permission from Ref. [77]). The algorithm calculates the point where the gradient equals 0.5, working from the middle of the curve (a) inwards (i.e. deeper in the tissue) (b). The
depth at this point corresponds to the base of the SC (c).
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methodology was validated by correlation with reflectance
confocal microscopy measurements of SC thickness.
Fig. 6. Average penetration profiles of the Delipidol® for 1 h, 2 h and 3 h of exposure
time obtained by MCR-ALS applied with (red) versus without (black) spectral equality
constraints on the ACI and using 4 contributing spectral components (K ¼ 4). The
average concentrations obtained by NCLS are illustrated by blue points (Reproduced
from Ref. [81]).
5.2. Raman microspectroscopic analysis of skin penetration and
permeation: in vitro

CRM of sections of excised skin can also be employed to monitor
the penetration and permeation of active agents, as demonstrated
for example by Tfayli et al. [2], who profiled the penetration of
metronidazole in sections of human skin samples. A number of
studies have utilised caffeine as a model permeant to demonstrate
the potential of CRM as a tool for routine quantitation of skin
permeation and penetration [39,82e87]. A notable challenge is the
identification and extraction of the signature of the active agent
from that of the background signal of skin. In a similar CRM analysis
of sections of a reconstructed in vitro skin model, Stella et al.
compared the approaches of least squares analysis with that of
multiple curve resolution e alternating least squares (MCR-ALS) to
establish the penetration depth profiles, after different exposure
times, of the commercially available slimming ACI, Delipidol®
(Fig. 6) [81,88]. While both approaches successfully profiled the
distribution of the active within the cross-section, in situ, it was
noted that, without a priori knowledge of the absolute strengths of
the Raman scattering efficiencies of the ACI and the constituent
components of the skin, the analysis was at best semi-quantitative.
However, for the comparison of products, the equivalence param-
eters of drug uptake and clearance, could conceivably be compared,
in situ. As an example, Essendoubi et al. used MCR-ALS for the
analysis of CRM penetration profiles of free and an encapsulated
form of retinol in sections of frozen and living tissue, demon-
strating a higher permeation efficiency of the encapsulated form
[89], and a number of further studies have used CRM tomonitor the
penetration of nanoformulations [90,91].

Bonnist et al. utilised a modified, Bronaugh-type diffusion cell
[92] to monitor the in vitro penetration of the skin sensitiser, trans-
cinnamaldehyde, in different delivery vehicles, over a 24 h period
[93]. The study demonstrated the ability of the technique to
simultaneously profile the penetration of the active as well as the
delivery vehicle and highlighted important differences between the
rate of delivery of the sensitiser in the vehicles absolute ethanol,
50% aqueous ethanol, propylene glycol and a 4:1 acetone:olive oil
mixture, chosen because they are commonly used in in vivo skin
sensitisation protocols [94].

A comparison of the techniques of CRM and Franz diffusion cell
penetration was conducted by Lunter and Daniels [95]. The Franz
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diffusion cell measurements found the permeation rate of procaine
hydrochloride to be similar for three hydrogel formulations: one
without penetration enhancer, one with propylene glycol and one
with POE-23-laurylether. Using cross sections of the skin samples
exposed for 14 h, the CRM penetration of the formulations were
then profiled using a combination of K-means clustering and clas-
sical least squares fitting analysis (Fig. 7). Comparing the results of
CRM and Franz diffusion cell analysis, partition coefficients and
amounts of drug penetrated were found to be similar. However, for
the formulation with POE-23-lauryl ether [96], whereas enhance-
ment ratios were 2.3 for CRM, no enhancement effect was found for
the Franz diffusion cell flux values. It was thus concluded that,
whereas CRM gives similar results to Franz diffusion cell experi-
ments on procaine penetration, it allows a more direct represen-
tation of the most relevant parameters, analysis of penetrated drug
amount and penetration depth, as it is capable of giving more
detailed information on the location of the drug inside the skin
than is possible with conventional Franz diffusion cell methods.
This was further demonstrated in the in situ study of caffeine
permeation in porcine skin, using a similar diffusion cell [97], and a
number of further studies has used CRM to examine the effects of
permeation enhancers [98e100].

5.3. Raman microspectroscopic analysis of skin penetration and
permeation: in vivo

Since the initial studies of Caspers et al., CRM has been



Fig. 7. Representative images of ex vivo cross sections of skin incubated with a formulation that contained procaine HCl and POE-23-lauryl ether (a) microscopic image; the box
indicates the area from which the Raman scan was made (b) color-coded CRM image [top layer: skin(b)] (c) color-coded CRM image (top layer: procaine) (d) color scale bars (d)
spectra extracted from the spots indicated in (c) (reproduced from Ref. [95]).
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extensively explored to analyse human skin in vivo [8,9], for
example to study the effects of moisturising factors
[77,78,101e103]. Temporal and spatial variations of the
Fig. 8. Concentration profiles of (a) trans-retinol (%) and (b) propylene glycol in the volar for
retinol in the skin of the volar forearm after topical application of a 0.3% solution of retinol in
the eight repeated measurements at different locations within the treated skin area. The da
Pudney et al. [107]. (Reproduced from Ref. [110] under Creative Commons Licence).
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penetration-enhancer, dimethyl sulfoxide in the SC have been
studied [104], and the technique was used to track phospholipid
permeation into the skin [105]. Wascotte et al. [106] used CRM to
earm over 6 h [107]. (c) Quantitative analysis of the concentration and total amount of
30% PG:70% ethanol - Total amount in mg/cm2 skin area. The error bars show the SD of

shed line is a linear fit to determine the flux of PG [110]. In vivo data were reused from
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assess the “skin reservoir” of urea. Pudney et al. undertook a CRM
study of the delivery of trans retinol to the skin, in vivo [107], and
the study was extended to explore the effects of permeation en-
hancers [108]. A least squares fitting of the spectra of the constit-
uent components of skin, as well as that of retinol was employed to
establish the percentage retinol and propylene glycol penetration
profiles as a function of SC depth and exposure time (Fig. 8(a and
b)). Notably, Raman signals were normalised to the depth profile of
keratin, to account for loss of signal due to scattering [76]. The study
also profiled the relative concentrations of NMF and water content,
assuming that the SC is probed when the water contribution is less
than 55% and the NMF signal is greater than 30% of the maximum
NMF signal measured in the SC, enabling an estimation of the SC
thickness, and therefore the profile of the active relative to it [107].

Using similar quantification techniques, Mateus et al. undertook
a direct comparison of in vivo CRM and the tape stripping technique
to profile the permeation of ibuprofen, prepared in propylene glycol
and propylene glycol/water solutions, applied to the volar aspect of
the forearm of human volunteers [109]. The CRM analysis was
performed based on profiles quoted relative to the highest
ibuprofen concentration in the skin. A comparison of diffusion
parameters, (DSC/h2), determined by a fitting of the results of each
technique (Equation (3)), indicated a good correlation between the
CRM measurement and the legislative “gold-standard”. The SC
thickness was determined using the CRM profile of water, enabling
calculation of the diffusion flux, J (Equation (1)).

In 2019, Caspers et al. demonstrated an in vivo CRM methodol-
ogy to quantify the penetration profiles of products topically
applied to the skin in absolute terms [110]. Based on in vitro con-
centration dependent calibration of the Raman spectrum of the
active in a suitable solvent, and of the solvent and SC protein, the
mass ratio of the material to protein in the SC can be determined,
which can be translated to absolute concentrations of the material,
knowing the protein content of the SC. For the examples of trans-
retinol and propylene glycol (PG), the absolute concentration pro-
files in the skin at different timepoints after topical application
were determined, enabling calculation of the flux, J, of materials
into the skin (Fig. 8(c)).

More recently, Iliopoulos et al. undertook a comparative study of
the permeation of niacinamide from various formulations in hu-
man skin in vitro, using conventional Franz cells, and in vivo, using a
quantitative CRM method under finite dose conditions [111]. The
formulation vehicles were chosen to encompass a significant range
of physicochemical properties. The in vitro/in vivo comparative
study showed an excellent correlation of the cumulative amounts
of niacinamide permeated in vitro and the amounts measured
in vivo with CRM at 2 mm depth. A similarly good correlation was
observed between the total cumulative in vitro permeation of
niacinamide and the total amount that penetrated the SC per unit of
surface area in vivo.

6. Challenges and future perspectives

It has been clearly demonstrated that CRM is an effective tool to
profile the chemical composition of skin, both in vitro and in vivo,
and to monitor the penetration and permeation of topically-
applied exogenous molecules/agents. The chemical specificity en-
ables the unambiguous identification and localisation of the agent
in the skin, and more detailed analysis of the spectral profiles can
even be used to monitor transformation of the API/ACI by, for
example, crystallisation or metabolisation [84]. The ability to
determine the penetration and permeation parameters in situ, in
skin models, excised skin, and in vivo has enabled favourable
comparison of CRM with the legislatively accepted methodologies
like Franz cells diffusion or tape stripping, strengthening the
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argument for the legislative acceptance of the CRM-based meth-
odology for validation of topically applied pharmaceutical and
cosmetic products.

It should be noted, however, that the CRM technique does not
necessarily monitor processes of follicular penetration. Although
molecules or particles that accumulate within the infundibulum
could remain trapped there (depending on size for instance), they
may be released at a later stage, due to sebum flow towards the skin
surface or hair growth [112]. The hair follicle is traditionally
investigated as a pathway which bypasses the SC barrier. However,
it should be kept in mind that it is still potentially a physical barrier
to the deeper penetration of exogenous compounds.

A further potential application of the technique is for glucose
monitoring in skin, which has become increasingly important given
the increasing prevalence of diabetes [113]. Quantitative analysis of
glucose in blood serum has been demonstrated using CRM [114].
Quantitative in vivo glucose measurements have been demon-
strated using SERS substrates subcutaneously implanted in a rat
model [115e117]. Pandey et al. have discussed the challenges to the
direct measurement of glucose in skin, including in interstitial
fluids [118], but more recently, Kang et al. have reported the direct
observation of the glucose spectroscopic fingerprint using in vivo
Raman analysis of pig skin [119].

In terms of legislative validation of the technique, reliable
quantification of concentrations of the active constituents of the
applied formulation is critical. In this respect, it is important to note
that CRM is an optical technique, and the penetration depth of the
light in the skin is dependent on the source laser wavelength, and
the absorption and refractive index of the skin at that wavelength.
Near infrared wavelengths are normally chosen, for maximum
transparency of the skin [120]. Comparisons of in vitro and in vivo
depth profiling have demonstrated the mismatch between the real
and apparent depths, and the requirements to account for it
[121e124]. However, this effect can be accounted for by use of an oil
immersion objective, the oil being index matched to the skin and
the window on which it rests. As an optical measurement, CRM is
also impacted by scattering of the source laser as it penetrates the
skin, as well as the Raman signal itself, as it emerges. Quantification
studies have accounted for this by normalising to the simulta-
neously measured keratin content at identical location and depth.
After water, keratin is themost abundantmolecule in the SC, so that
this normalisation is similar to a normalisation to dryweight of skin
[107,109,110]. Scattering occurs due to localised changes in the
refractive index associated with the heterogeneous structure and
composition of the skin, and may depend on, for example, the
degree of hydration. Hydration levels, and the permeation and
transport properties themselves, can also change as a result of
topically applied agents, in a dynamic fashion [77], and so correc-
tion for such effects may not be trivial.

Computational models of the penetration and permeation pro-
cesses across the SC can add insight to better understand, describe
and quantify studies of permeation kinetics [125,126]. They can
potentially be used to establish quantitative structure activity re-
lationships to guide formulation design [127] and equivalence
testing [128], and to establish and validate novel bioanalytical
methods to monitor skin penetration and permeation [129]. The
reality of in vitro and in vivo experimental observations can be
significantly more complex that presented in Section 3.1, however,
such that simple analytical solutions such as Equation (3) can no
longer be derived. In most practical scenarios, the donor is depleted
over the course of the experiment (finite dose application), or even
removed before measurement, the API/ACI can crystallise or be
metabolised in the SC, which itself can undergo changes due to the
physiological process of desquamation [130,131]. The mathematics
describing these nonhomogeneous boundary value problems can
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be reduced in complexity through application of the Laplace
transform, which reduces the partial differential equations in the
time domain to ordinary differential equations in the Laplace
domain, which are easier to solve. Comprehensive reviews of the
mathematical process of Laplace transformation and numerous
examples pertaining to skin penetration are provided in
Refs. [37,130].

An alternative approach is that of numerical modelling, by
which, in principle, an unlimited degree of complexity can be
introduced into the model. In the compartmentalised approach of
Guy and Hadgraft [132], the pharmacokinetics of percutaneous
absorption can be described by a series of one dimensional rate
equations describing the transport between successive compart-
ments, and such an approach was employed, for example, to simply
model loss of applied sample by surface evaporation [132].
Depending on the complexity, the parameters of the model have
been interpreted in the context of penetration and permeation
parameters, as reviewed for example by McCarley and Bunge [133].

Such a modelling approach has been extended to
physiologically-based pharmacokinetic (PBPK) modelling and
simulation to predict in vitro or in vivo penetration of chemicals,
and has been recognised by the US FDA as a core technology for the
future of generic drug products [134]. PBPK models incorporate a
detailed structural description of the skin layers (SC, viable
epidermis, dermis) with a 2D microscopic description of the SC,
transport equations and partition and diffusion coefficient esti-
mation based on empirical correlations and can simulate, for
example, evaporation of volatile chemicals, different exposure
scenarios, the effect of skin surface temperature and airflow, and
even incorporate and simulate the effects of open and blocked hair
follicles [126e128]. As a future perspective, the application of
simple and more complex models to guide analysis of CRM profiles
of skin penetration may be important, and indeed CRM may add
molecular level information to help guide and validate such
models, particularly for example to visualise metabolisation of
products.

While modelling approaches can help interpret results and even
guide experimental protocols, verification requires the application
of the models to experimental observations. In order to progress
the field of CRM analysis of dermal absorption, it is important that
such protocols are standardised to better enable comparability
between measurements, different instrumentation, users and lab-
oratories. Notably, Binder et al. have recently undertaken an eval-
uation of inter-individual variability and inter-laboratory
comparability, of skin penetration profiles in samples of three
different donors, as measured by two different confocal Raman
microspectroscopic instruments, concluding that comparable esti-
mations of the skin penetration of procaine were achieved [135]. In
all studies, the rigour of legislative protocols should be applied.
Ultimately, as a demonstration of the appropriateness and validity
of the technique, equivalence studies should be performed, ideally
on a patented original and a generic which has been approved by
alternative protocols.
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