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a b s t r a c t 

The penetration behavior of topical substances in the skin not only relates to the 

transdermal delivery efficiency but also involves the safety and therapeutic effect of 

topical products, such as sunscreen and hair growth products. Researchers have tried 

to illustrate the transdermal process with diversified theories and technologies. Directly 

observing the distribution of topical substances on skin by characteristic imaging is 

the most convincing approach. Unfortunately, fluorescence labeling imaging, which is 

commonly used in biochemical research, is limited for transdermal research for most 

topical substances with a molecular mass less than 500 Da. Label-free imaging technologies 

possess the advantages of not requiring any macromolecular dyes, no tissue destruction 

and an extensive substance detection capability, which has enabled rapid development 

of such technologies in recent years and their introduction to biological tissue analysis, 

such as skin samples. Through the specific identification of topical substances and 

endogenous tissue components, label-free imaging technologies can provide abundant 

tissue distribution information, enrich theoretical and practical guidance for transdermal 

drug delivery systems. In this review, we expound the mechanisms and applications of the 

most popular label-free imaging technologies in transdermal research at present, compare 

their advantages and disadvantages, and forecast development prospects. 

© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

The transdermal drug delivery system (TDDS) is an important
drug delivery strategy, which is particularly suitable for the
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drugs that show serious adverse reactions when administered
orally, drugs acting on skin or local subcutaneous tissue
or drugs that are more effective when administered by
transdermal delivery, etc. Skin is the delivery pathway for
topical substances and plays a role for barrier function.
rsity. 
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he molecular weight, aqueous solubility, lipid solubility,
ermeability coefficient and octanol-water partition 

oefficient are considered to influence the penetration,
istribution and transport of topical substances in skin. In the 
raditional way, the in vitro permeability of substances in skin 

an just be compared by measuring their concentration in the 
ranz diffusion cell receiving solution by high-performance 
iquid chromatography (HPLC). Tape strapping can be further 
xerted to separate the stratum corneum (SC) from intact 
kin and quantify the retention amount for a substance in 

he SC, which is the main barrier for skin. However, this 
uantitative method would lead to the loss of most of the 
patial distribution information [1 ,2] , and cannot be used to 
eflect the whole percutaneous process. 

More accurate and abundant experimental data, especially 
he data containing spatial distribution information, are 
mportant. On the one hand, for reducing repeat experiments 
nd following the banning of animal testing for cosmetics, in 

ilicon dynamics simulation and mathematical prediction can 

e a good alternative. The establishment of a mathematical 
odel to screen suitable transdermal drugs or assess 

kin toxicity strongly relies on detailed experimental 
ata. Actually, predictive mathematical models, including 
uantitative structure permeability relationships (QSPR) 
odel and dynamics simulation, based on traditional 

xperimental data usually show bias when comparing 
ith practical consequences [3] . To increase the accuracy 
f the prediction obtained from mathematical models, the 
ynamic distribution of topical substances in the hydrophilic 
r lipophilic domains and appendages should be taken into 

ccount. 
On the other hand, the absorption, distribution,

etabolism and transport of topical substances are essential 
arts of pharmacology and toxicology research. Tracking 
he disposal of topical substances in skin is sometimes 
ecessary, especially when considering skin irritation and 

kin therapeutic effects, such as for sunscreen and hair 
rowth products. The effect of penetration enhancers can 

lso be revealed by characteristic imaging. Exposing the 
enetration pathway and the distribution of topical drugs 

n the presence of penetration enhancers will greatly help 

ransdermal research and formulation development. 
The functions of a skin barrier will be influenced by 

nvironmental factors, such as hydration and heating,
rtificial interventions and some chemicals. Penetration 

nhancers are commonly used to promote the transdermal 
ransport rate of topical agents [4-6] , for which possible 

echanisms mainly include: (1) altering the skin 

hysiological state; (2) destruction of SC barrier function; 
3) changing the physical and chemical properties of 
he substance, etc. [7-9] . Based on these hypotheses,
ttenuated total reflection-fourier transform infrared,
aman spectroscopy, differential scanning calorimetry,
-ray scattering and 

1 H NMR have been applied to reveal 
he configuration changes of skin SC lipids and proteins 
aused by penetration enhancers [10] . However, it is hard 

o give an exact answer when the following questions 
re involved. How does the increased amount of topical 
ubstance transport through the skin? Does such transport 
ccur through intercellular, intracellular or skin appendages? 
o the penetration enhancers penetrate into the deep skin 

ccompanied by the drugs? Directly imaging the transdermal 
ubstances will help us to answer these questions. 

The first method that comes into mind might be 
uorescent dye labeling. Fluorescent dye labeling is able 
o track the dynamic process of substances in tissues 
ith high image resolution. However, the molecular mass 
f fluorescent tags is usually much higher than that of 
opical agents (mostly less than 500 Da). Fluorescent dye 
abeling can inevitably change the dynamic behavior of 
arget substances. Optoacoustic imaging, optical coherence 
omography, high-frequency ultrasound imaging and 

erahertz imaging possess the ability to illustrate the 
kin morphology structure and distinguish pathological 
issue, but without the ability of characteristically analyzing 
ompounds. 

Based on these reasons, a characteristic, high-resolution 

nd label-free imaging technology has been strongly 
emanded to cater for the requirement of exploring the 
ransdermal enhancing mechanism and revealing the 
nteraction between topical substances and skin. At present,
esearchers have developed some technologies for skin 

abel-free imaging based on the unique characteristics of the 
ubstance involved, such as measurement of the vibration 

pectrum and molecular mass. These technologies cannot 
nly be used for the imaging of SC tapes and skin sections,
ut can also be applied onto intact skin and even used 

or in vivo detection, as shown in Fig. 1 . In this review, we
ntroduce some of the most commonly used label-free 
maging technologies ( Fig. 2 ), briefly describe their imaging 
rinciples, expound the current progress for research into the 
ransdermal mechanism, and compare the advantages and 

isadvantages of these technologies. 

. The structure of skin and the penetration 

heory 

kin is a complex multifunctional organ composed of 
pidermis and dermis, with various functional appendages 
11 ,12] . SC, the outmost layer of skin, is considered to be the

ain barrier to obstruct exogenous substances from entering 
kin. SC is composed of 10–20 layers of dead flat corneocytes,
hich are rich in α-keratin filaments [13 ,14] and coated 

y well-organized intercellular lipids and proteins [15 ,16] .
he dense lipophilic intercellular matrix plays a decisive 
ole when substances pass through SC [17-19] . Compared 

ith SC, the active epidermis and dermis contain a high 

mount of water. Cell differentiation and migration of the 
ctive epidermis lead to regular replacement of the SC. The 
ermis layer is rich in collagen and reticular fibers [15 ,20] ,
nd embedded with extensive blood vessels, lymphatics, hair 
ollicles, nerve endings and glands. Therefore, the dermis 
llows a drug to be exchanged and enter systemic circulation 

21] . Due to the barrier function and specific physiological 
tructure of skin, only a small number of external substances 
an enter systemic circulation, with some substances deterred 

r trapped in the skin. 
The penetration and transport dynamics of topical 

ubstances closely related to the structural characteristics of 
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Fig. 1 – Investigating skin by label-free imaging technologies can be performed by tape stripping (A), tissue sections (B), or 
directly carried on intact skin in vitro (C) or in vivo (D). 

Fig. 2 – Infrared spectroscopy (A), Raman spectrum (B) and mass spectrometry imaging (C) can distinguish the target 
substances from the complex skin background according to the characteristic vibration signals or mass-to-charge ratio ( m/z ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

skin. Compounds show significant distribution differences in
skin’s lipophilic part and hydrophilic part. Blood, lymphatic
or capillaries transport, and protein binding determine the
dermal transport of compounds, which may also relate with
the chemical configuration and physicochemical properties
[22] . Accordingly, mathematical models of skin penetration
and transport simulate the heterogeneity of the skin by
dividing it into the multiple sub-layers or compartments.
The diffusion in individual cell is usually described by Fick’s
first law. The transference from one compartment to another
could represent by a set of first-order rate constant [23] . For
example, Laplace transform was employed as mathematical
tool for finding the solution of skin diffusion equation [24] .
However, a more practical mathematical model needs to take
numerous factors into account, especially in the epidermal
and dermal transport. 
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. Label-free imaging technologies 

.1. Infrared spectroscopy 

ompounds with characteristic vibrational spectra can 

e distinguished from complex biological backgrounds 
ccording to spectra-structure correlations, which enables 
ide use of infrared spectroscopy and Raman spectroscopy 

n biochemical research. Infrared (IR) spectroscopy has been 

pplied to skin analysis and imaging for several decades,
hich measures characteristic absorbance or attenuated 

eflectance of light in different frequency range of the 
amples. Molecules with active IR vibration group, which 

o not overlap with endogenous skin IR spectrum can be 
ecognized and analyzed by IR imaging. When employed 

n analyzing an intact skin, Fourier transform infrared 

FTIR) spectrum usually represents the average signal of the 
rea that the light passed through. When combined with 

rray detectors, such as commonly used focal plane array 
etector, FTIR will take chemical resolution information and 

patial imaging of multicomponent samples [25] . Attenuated 

otal reflection (ATR)-FTIR spectroscopy combined with 

TR accessory can reach much higher sensitivity, in which 

ncident light produced by light source travels across a crystal 
ith high refractive index and totally internal reflects after 

ontacting with samples’ surface. Therefore, skin samples 
eed to be tightly compacted on the surface of ATR crystal to 
void the interference of air. ATR-FTIR spectroscopy can be 
sed for tissue imaging and obtaining qualitative structure 

nformation and semiquantitative analysis [26 ,27] . 

.2. Raman spectroscopy 

aman spectroscopy is a detection and imaging technology,
hich is based on the Raman effect, as first observed by 
aman CV in 1928. When a beam of light strikes an object,
lastic scattering and inelastic scattering occur. The scattering 
pectra are divided into Rayleigh scattering and Raman 

cattering according to the energy change and wavelength 

hift. Rayleigh scattering spectra show the same wavelength 

s the incident light. In contrast, Raman scattering spectra 
how different wavelengths, the scattering with longer 
avelengths and lower energy called Stokes scattering, and 

he scattering with shorter wavelengths and higher energy 
alled anti-Stokes scattering. Raman microscopes can be used 

or qualitative and quantitative detection by analyzing specific 
avelength migration, thus, such a technique does not 
eed labeling tags as required by a fluorescence microscope.
ecause of the characteristic Raman spectra for chemicals 
nd the linear relationship between scattering intensity 
nd excitation of functional groups, Raman microscopy is 
egarded as a proper tool to explore the fate of compounds 
n intact biological tissues. 

Spontaneous Raman scattering signal is so weak (only 
ne of 10 8 photons occurs Raman scattering) [2] that the 
cquisition process usually takes several hours, especially in 

he panoramic scanning of large biological samples, which 

s improbable to obtain high-resolution 3D imaging or track 
he dynamics processes for chemicals. Stimulated Raman 
cattering microscopy (SRS), coherent anti-Stokes Raman 

cattering microscopy (CARS) and surface-enhanced Raman 

cattering (SERS) have been developed based on the Raman 

ffect. SERS was discovered in the 1970s, in which the Raman 

cattering intensity on rough surfaces such as silver, gold 

nd copper is greatly enhanced [28] . Therefore, a stronger 
aman scattering signal can be obtained. Because of the 
ependence on rough metal surfaces, SERS is generally used 

or the detection of metal nanoparticles or devices with a 
etal coating. 
Coherent Raman scattering (CRS) breaks through the limit 

f detection speed, and greatly increases the intensity of 
he Raman signal measured while achieving rapid image 
cquisition and submicron resolution. CARS and SRS are two 
ain types of coherent Raman scattering. CARS involves a 

our-wave mixing nonlinear optical process, in which the 
ibration group of Raman active molecules interacts with 

he incident light field, which leads to a vibration transition 

rom the ground state to excited state. When the pump beam 

nd Stokes beam overlap in a medium, they will coherently 
xcite vibration or rotation of molecules. The coherent 
xcitation of vibration or rotation will mix with the incident 
ight field again, following which four coherent Raman 

cattering signals appear simultaneously. However, during 
he CARS process, the nonresonant background effect cannot 
e ignored, which limits the detection sensitivity and distorts 
he obtained CARS spectra. The nonresonant background 

riginates from the four-wave mixing process interacting 
ith the field where no resonant molecules are present 

29 ,30] . Accordingly, researchers have tried to eliminate 
he nonresonant background as much as possible through 

mprovement of equipment and mathematical models 
31-33] . The reported hardware-based approaches included 

ime-resolved CARS, polarization CARS, and λ-switch scheme 
34] , which image sequentially target compounds and 

onresonant background, etc. Mathematical approaches such 

s maximum entropy algorithm suppressing non-resonant 
ackground by identifying the imaginary component of the 
nti-Stokes field [35] . But these alternative approaches might 
eaving higher requirements for researchers. 

Stimulated Raman scattering (SRS) relies on the strong 
nteraction between high intensity laser and targeted 

olecules. SRS employs a pump beam and Stokes beam,
hich are spatially and temporally synchronized picosecond 

aser pulse trains [36 ,37] . The energy gap between these 
wo lasers can be adjusted to match the vibration of the 
argeted chemical bonds. When the two beams are directed 

nto samples, the intensity transfers from the pump beam 

o the Stokes beam and stimulates excitation of Raman 

ctive molecular vibrations [38 ,39] . The detecting module 
sually modulates the Stokes beam and detects the change 
f pump beam intensity using a photodiode and lock-in 

mplifier. 
Unlike CRAS, the SRS signal is linearly proportional to 

oncentration, so a quantitative analysis can be carried 

ut without complicated calculation. Moreover, SRS is 
ree of a nonresonant background and has no obvious 
nterference from spurious signals. SRS offers higher spatial 
esolution, significantly improved scan speed, and an orders 
f magnitude greater sensitivity compared to spontaneous 
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Raman scattering [40 ,41] . Moreover, researchers have been
constantly improving the SRS device to overcome its defects or
meet the requirement of different experimental conditions.
Fu et al. [42] presented a novel modulation multiplexing
approach that allowed multispecies chemical mapping.
Three channels of this multiplex SRS could be used to
separate pigment absorption, lipids SRS and protein SRS, and
disentangle the major biochemical composition of different
skin layers with a speed that was at least three orders of
magnitude faster than that achieved by confocal Raman
imaging. 

3.3. Mass spectrometry imaging 

Mass spectrometry imaging (MSI) technology, which
originated in the 1970s, has developed rapidly in the past
few decades owing to its high specificity and sensitivity. In
recent years, researchers have introduced MSI into the study
of transdermal transport of topical substances. MSI can be
used to simultaneously image the distribution of endogenous
and exogenous compounds, including lipids, proteins, drugs
and metabolites, without the use of fluorescent labeling
or radiolabeled compounds. The specific mass spectrum
allows MSI to accurately distinguish and image numerous
compounds, enabling MSI to be widely used in drug detection,
pharmacokinetic analysis, histopathological characterization
and metabolomic tracking in kidney, heart, lung, brain, tumor,
skin and so on. 

Secondary-ion mass spectrometry (SIMS) is used to obtain
m/z signals by bombarding the surface of samples with a
high energy pulsed primary ion beam. The sample surface
absorbs energy and sputters secondary ions, which are then
collected by a mass analyzer. Time of flight secondary-ion
mass spectrometry (ToF-SIMS), one of the most commonly
used SIMS, separates signals through the flight time of
secondary ions in the mass spectrometer, and draws maps by
scanning sample surfaces with a focused ion beam. Improved
SIMS replaces high-energy primary ions (usually Ga + , 133 Cs + ,
Au 3 

+ , Bi 3 + , Bi 5 + , 40 Ar + , C 60 
+ , etc.) with softer ions [43-45] and

updates the equipment design. Water-containing cluster
beams have been reported to increase the secondary-ion yield
and enhance the spatial resolution to ≤ 1 μm. Mohammadi et
al. [46] demonstrated that a high-energy (40 keV) gas cluster
ion beam allowed one to obtain more intact lipid compound
signals in mouse brain, which acted similar to semisoft
ionization. 

Matrix-assisted laser desorption ionization (MALDI) is the
most widely used MSI method at present. By pretreating
with a radiation-absorbing matrix, which cocrystallizes with
analytes and transfers absorbed energy to the lower layer,
one can avoid strong molecular damage caused by direct
ion collisions. It was reported that MALDI-MSI provides
a large molecular mass range (up to 80 kDa [47 ,48] ) and
high spatial resolution in the biological imaging of proteins,
lipids and other macromolecules. The choice of matrix
and the pretreating process exert an essential influence
on the imaging quality of MALDI-MSI. Uniformity of the
matrix coverage, size of the matrix crystals and diffusion
of the analyte in the solvent directly impacts the imaging
spatial resolution and accuracy [49-51] . The matrix should
be chemically stable, and should form a uniform matrix
coating, besides showing a good ionization ability for target
substances. For MALDI-MSI, 2,5-dihydroxybenzoic acid, 9-
aminoacridine, α-Cyano-4-hydroxycinnamic acid, 4-phenyl-
α-cyanocinnamic acid amide, 1,5-diaminonaphthalene, N-(1-
naphthyl) ethylenediamine dihydrochloride, etc., have been
constantly used in sample preparation. However, for different
target substances, these matrices may present different
imaging effects, which is why many studies have focused on
finding a more suitable matrix. In addition, in the imaging
of small molecular substances with a molecular mass less
than 1000 Da, matrix selection is necessary to minimize the
signal interference from the matrix. Therefore, some new
matrices have been explored to obtain better imaging results
on certain tissues or molecules. For example, curcumin was
reported to have been used to successfully image acitretin,
lipids, peptides, and proteins in skin and lung [52] . For the
pretreating process, modifying the glass slide surface with
corona discharge was reported to improve the adhesion of
skin tissue sections [53] . Washing samples with acetone [54] or
chloroform [55] was considered to reduce the interference of
matrix-related ions and ionization-suppressing effect. 

A high-vacuum environment or complex sample
pretreating process makes it impossible to carry out some
operations that need to be carried out under ambient
conditions. Unlike SIMS and MALDI-MSI, the ambient
ionization method is a newly developed soft ionization
approach operated under atmospheric pressure. The
combination of desorption electrospray ionization (DESI) with
MSI is the most common atmospheric mass spectrometry, in
which charged microdroplets are sprayed directly onto tissue,
followed by dissolution and desorption of the analyte into
the detecting system, via which the noninvasive and in vivo
analysis of samples becomes available. 

Other mass spectrometry imaging technology, such as
liquid extraction surface analysis (LESA) mass spectrometry,
laser ablation electrospray ionization (LAESI) mass
spectrometry, laser desorption postionization (LDPI)
mass spectrometry and femtosecond laser desorption
postionization mass spectrometry (fs-LDPI-MS) have also
been acknowledged as powerful tools for detecting and
imaging lipids, proteins, metabolites and drugs in tissues
samples, but which have been rarely introduced into
transdermal research. 

4. The application of label-free imaging 

technologies 

4.1. The application of infrared spectroscopy 

The images or spectra obtained by IR spectroscopy can
be roughly used to distinguish the spatial distribution of
topical agents in different skin section layers. In addition,
the quantitative ability of IR spectroscopy can further
help to reveal penetration kinetics, though not accurately
enough. According to reports, changes in the characteristic
absorption peak intensity for topical agents, such as Emu
oil [56] , perdeuterated oleic acid [57] , dimethyl sulfoxide
[58] , caffeine [59] , propylene glycol [60] and ethanol
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61] , with depth, diffusion time, lipophilic domains or 
kin physiological conditions in skin section have been 

uccessfully converted into images by IR spectroscopy. For 
xample, the lateral distribution of acyl chain perdeuterated 

leic acid and deuterated dimethyl sulfoxide in human 

tratum corneum with diffusion time were tracked from 

hanges in CD 2 ( ∼2100 cm 

−1 ) and Amide I stretching 
requencies ( ∼1626 cm 

−1 ) [57] . The characteristic absorption 

and of Emu oil at 3006 cm 

−1 , where is free of skin endogenous
R spectra, helped representing it’s penetration in human skin 

ection [56] . 
However, these studies often indicated that the 

iscrimination ability of the IR spectrum might not be 
redible enough, because skin is a complex system, and 

any substances show overlapping infrared absorption 

eaks. Furthermore, it is worth mentioning that quantitative 
nalysis is realizable without deuteriation by tracking the 
haracteristic vibration peak of a target compound, or 
ubtracting spectra obtained for untreated skin samples from 

hose obtained for treated skin samples. Nonetheless, due 
o the interference of skin background signals, deuteriation,
hich will shift target stretching frequencies to a spectral 

egion free of interference from skin background vibrations,
s usually necessary to better distinguish a targeted spectrum 

r differentiate substances with similar structures. 
Intact skin detection is more convenient for sample 

reparation, as well as for maintaining sample integrity 
nd decreasing data distortion. The penetration depth of 
nfrared light in biological tissues is usually limited to only 
–2 μm; this is why tape stripping is usually performed 

rst before ATR-FTIR when analyzing intact skin samples 
62 ,63] . SC can be peeled off by tape stripping for several 
imes, followed by quantification and imaging by ATR-FTIR.
he differences detected between different stripping times 
eveal the distribution of substances in the vertical layer of 
he SC. ATR-FTIR combined with tape stripping has been 

eported to be used to monitor or image the distribution of 
ufenamic acid [64] , diclofenac sodium [65] , sodium lauryl 
ther sulfate [66] , sodium dodecyl sulfate [62] , phospholipids 
67] , sucrose laurate [68] , 4-undecanolide [26] , and chitosan 

69] , etc. For example, Andanson et al. measured the diffusion 

f benzyl nicotinate and ethanol through the outer layer of 
uman skin in situ and revealed the correlation between the 
istribution of SC lipids and drugs [63] . Cozzi et al. evaluated 

nd compared the retention and penetration of sunscreen 

ormulation inside the skin by sequential tape strips and FTIR.
he skin before and after tape stripping was observed by FTIR,

n which the skin deposition in vertical SC layers provoked by 
ifferent sunscreens could be differentiated [70] . Because of 
he noninvasive experimental process involved, tape stripping 
s also frequently applied onto human skin in vivo , and FTIR 

s accompanied for qualitative and quantitative study [71 ,72] .
ape stripping carried out in vivo will objectively reflect the 
harmacokinetics of drugs in the SC. 

In addition, ATR-FTIR is also a typical method used in skin 

tructure changes revealing. The lipophilic and hydrophilic 
omains of skin mainly composed of lipids and proteins are 
sually distinguished based on the characteristic absorption 

pectrum [73] . The configuration changes in proteins and 

ipids as revealed by ATR-FTIR are considered as meaningful 
vidence for the influence of exogenous substances, especially 
enetration enhancers. In clinical diagnosis, the intensity 
hange and shift of characteristic absorption bands can 

ndicate pathological progress in skin. 

.2. The application of Raman spectroscopy 

onfocal Raman microscopy (CRM) has been widely used in 

racking the penetration process of topical drugs, penetration 

nhancers, pharmaceutical excipient, cosmetic ingredients 
nd environmental substances, such as sodium dodecyl 
ulfate [74] , metronidazole [75] , trans-cinnamaldehyde 
76] , hyaluronic acids [77] , retinol [78] , and oils [79] , in
xcised human skin, porcine skin or reconstructed human 

kin models. Mujica Ascencio et al. [80] used CRM to 
imultaneously determine the penetration abilities of 
affeine and propylene glycol in ex vivo porcine skin at 
ifferent excitation wavelengths (633 nm and 785 nm),
nd multivariate statistical methods were employed to 
alculate their penetration depths. Pyatski et al. [81] employed 

ufenamic acid as a model drug to investigate the enhancing 
ffect of hydrophobic enhancer, octanol, versus hydrophilic 
nhancer, propylene glycol/ethanol (75/25), and obtained 

he relative concentrations and images of colocation spatial 
istribution for both the enhancers and flufenamic acid 

n ex vivo human skin. Bakonyi et al. [82] drew the spatial 
istribution of lidocaine and tracked the penetration of the 
rug from different carriers in ex vivo human skin. The essay 
ublished by Darvin et al. showed that an immune response 
odifier, TMX-202, can reach langerhans cells through 

ntercellular, transcellular, and follicular pathways [83] .
RM also exhibits the ability of distinguishing endogenous 
hemicals and picturing skin appendage, including sebum,
ollicle and glands [84] . 

Raman spectroscopy is also a prevailing method for 
n vivo detection. Raman spectroscopy is able to monitor 
he diffusion behavior of topical drugs and cosmetics,
specially those showing skin toxicity, irritation or a skin 

harmacological effect. Thus, the safety and efficacy of these 
roducts, which have roused much attention, can be further 
evealed. According to reports, Mélot et al. have monitored 

he effect of penetration enhancers on the ingress of trans- 
etinol into skin by in vivo CRM [85] . Laing et al. concluded
hat a paraffin petrolatum-based product would remain in 

he SC based on in vivo imaging for Caucasian volunteers 
86] . Retinyl acetate was detected at different forearm skin 

epths of up to 20 μm, 30 min after administration [87] . The
kin depth distribution for skin care products such as urea 
88] , sunscreens [89] could also be obtained by in vivo CRM.
ompared with IR spectroscopy, Raman spectroscopy has an 

bility to generate a deeper penetration depth and higher 
esolution, which can be used to clearly distinguish skin layers 
nd structures, and present more skin details. 

Compared with CRM, CRS can be used to provide 
igher spatial resolution and richer structure information.
ccording to recent reports, CARS can be often combined 

ith two-photon microscopy to simultaneously obtain the 
ubstance distribution information and skin morphology 
nformation. Combining CARS with two-photon excited 

ative fluorescence, Chen et al. [20] detected the penetration 



Asian Journal of Pharmaceutical Sciences 16 (2021) 265–279 271 

Fig. 3 – Raman spectroscopy could be used for in vivo detection with gratifying results. (A): The designed CARS and 

two-photon autofluorescence imaging system successfully quantified the percutaneous penetration in vivo of deuterated 

glycerol diluted in water and xanthan gel. (Reproduced with permission from [34] , Copyright 2019 Elsevier B.V.). (B&C): The 
Raman spectra obtained after treatment by optical clearing agent glycerol showed a significant enhancement of the 
investigated depths of tattoo on the inner forearm, from ≈75 μm down to 400 μm. (Reproduced from [105] , Copyright 2018 
The Royal Society of Chemistry). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pathway and calculated the normalized concentration of
deuterated glycerol, deuterated synthetic jasmonic acid
derivative and heavy water in reconstructed skin and excised
human skin. Sarri et al. [34] from the same group, imaged
and quantified deuterated glycerol penetrating into human
skin in vivo using the combination technology. With the
morphology information provided by two-photon excited
native fluorescence, 3D quantitative active compound
mapping can be merged with detailed morphological
identification (as shown in Fig. 3 A-b 5 ©). In addition, the
introduction of λ-switch was said to increase sensitivity and
correct the beams scattering and excitation with increasing
skin depth ( Fig. 3 A-a), which schemed to image sequentially
deuterated molecular compounds (2100 cm 

−1 ) and CARS non
resonant background (2250 cm 

−1 ) ( Fig. 3 A-b 3 © 4 ©), and enabled
to build liner-relationship between signal with concentration
(as shown in Fig. 3 A-b 2 ©). 

Compared with CARS, there have been more reports on
the molecular mechanism at the cellular level carried out
with SRS at a satisfied resolution of up to 130 nm [90] .
In addition, researchers have also introduced SRS into the
study of the transdermal mechanism based on its excellent
imaging ability. Guy’s group directly observed ibuprofen and
ketoprofen penetrating through the SC and hair follicles based
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n the high-speed three-dimensional imaging capability of 
RS [91] . They also visualized the formation of ibuprofen 

nd ketoprofen crystals on a porcine skin surface and 

emi-quantified the penetration amount [92] . Drutis et al.
93] accurately imaged the three-dimensional structure of 
kin, demonstrating the presence of corneocytes clusters and 

anyon in the SC, as well as illustrating the distribution 

f topical oleic acid-d 34 in these structures. Garrett et al.
94] mapped the distribution of antifungal compounds, zinc 
yrithione and climbazole, in interfollicular epidermis and 

nfundibular space surrounding hair shafts with cellular 
recision. In this way, its pharmacological effects can be 
elated to transdermal efficiency and skin distribution.
lthough SRS has been more commonly used in biochemical 

esearch in most published studies, such as for observing 
he change in tissue composition with growth time, and the 
ynthesis and metabolism of intracellular DNA and protein, its 
owerful imaging ability and good substance discrimination 

akes us believe that SRS will attract interest from more 
esearchers who are interested in the study of the transdermal 

echanism. 
Raman data analysis is complex, especially in transdermal 

esearch, for the interference of inhomogeneous background 

ignal, which covering the entire spectrum, and the 
issipation of laser beam in the deep tissue. In order to 

dentify and classify the target spectra, multivariate curve 
esolution and K-means clustering analysis are mostly 
mployed. They can extract the pure spectrum or classify 
imilar spectra in groups, respectively [95] . For further 
uantitative analysis and penetration kinetics fitting,
athematical models, such as classical least squares 
odel [96] and non-negative constrained least squares 

nalysis [97] showed the ability to convert Raman data into 

oncentration information. The refraction and dissipation 

f the Raman signal in the deep the skin cause the serious 
ata distortion. The introduction of internal reference is 
n effective solution. For example, Franzen et al. [98] used 

nspecific methyl deformation vibration in the wavenumber 
ange of 1388–1497 cm 

−1 as an endogenous internal reference 
or model drug caffeine quantitative depth profiling in skin.
lonso et al. [99] correlated the caffeine peak using the 
romatic amino acid and amide I peak. The keratin peak at 
 wavenumber of approximately 1650 cm 

−1 has also been 

ommonly used as a normalized peak [100] . Although still not 
ufficiently precise, these correction methods have provided 

 good reference for revealing the transdermal dynamics of 
opical substances. 

Photobleaching has been reported to reduce the 
utofluorescence of skin and enhance the intensity of the 
aman signal. The fluorescent components in skin, including 
hospholipids, keratin, vitamins, porphyrins, melanin, etc.,
mit autofluorescence in the near-infrared, ultraviolet and 

isible light regions [101 ,102] . The phenomenon of decreased 

utofluorescence intensity upon light irradiation is called 

hotobleaching. However, few relevant studies have been 

dopted that utilize the photobleaching effect to improve the 
ignal-to-noise ratio and increase the penetration depth of 
ight for Raman spectroscopy [103 ,104] . 

Optical clearing is another method that has been used to 
ncrease the intensity of the Raman signal. As reported by 
any researchers, the application of optical clearing agents 
an effectively decrease the absorption and scattering of 
ight in biological tissues, thereby greatly increasing the 
enetration depth of optical microscopes. Glycerol is a widely 
eported light scavenger. In a in vivo study, the deposition 

f different tattoo ink in human papillary was detected 

y Raman microspectroscopy (as shown in Fig. 3 B). Topical 
pplication of glycerol combined with tape stripping has been 

sed to successfully increase the obtained Raman spectra 
rom 40 μm to 400 μm ( Fig. 3 C) [105] . Sorbitol [106] , hyaluronic
cid [106] , dimethyl sulfoxide [107] have also been shown 

o have significant light clearing effects on skin samples.
dobnov et al. [108] employed an approved pharmaceutic 
ubstance, Omnipaque TM , as a novel optical clearing agent,
hich showed a lower optical clearing effect but with higher 

afety and more promising application value compared with 

lycerol. The specific mechanism involved in the optical 
learing process is still under discussion. The prevailing 
onsensus considers that the modification of the scattering 
roperties of tissues might originate from the dissociation 

f collagen fibril and the cell dehydration caused by the 
ifference in the biological membrane permeability between 

ptical clearing agents and water [109-111] . 

.3. The application of mass spectrometry imaging 

SI can be used to image not only macromolecular 
ubstances but also small molecular substances. MSI has 
een widely reported to be used in the imaging of lipids,
roteins, etc., and can be used to track metabolic changes,
omponent evolution in diseases or the maturation of tissues 
nd organs. The powerful multisubstance imaging capability 
f MSI makes it a promising label-free imaging technology.
OF-SIMS has been reported to be used to locate and image 
hlorhexidine digluconate [112] , TiO2 [113] , fatty Acid [114] ,
itamin C [115] , lidocaine [116] and imiquimod [117] in skin,
nd for describing the permeation behavior of these topical 
gents or comparing the effect of penetration enhancers. After 
IMS detection, tissue samples can be further observed by 
canning electron microscope (SEM) to acquire morphological 
nformation. Combining TOF-SIMS and SEM, Sjövall et al.
118] synchronously obtained the morphological structure of 

ouse ear skin and topical drug location in different skin 

ayers. In addition, the results indicated that roflumilast,
ofacitinib, and ruxolitinib are mostly located in the SC 

 Fig. 4 A). This combined method was also used to image 
he spatial distribution of endogenous skin components,
ncluding ceramide, saturated long-chain fatty acids, and 

holesterol sulfate from the SC down to the dermis in excised 

uman abdominal skin [119] . 
MALDI-MSI is more widely used, and has been reported to 

e successfully employed in the analysis of excised human 

kin, artificial model skin, and porcine skin, as well as 
or simultaneously comparing the absorption capacity of 
opical agents. The reported drugs include roflumilast [120] ,
ofacitinib [120] , bleomycin [121] , imipramine [122] , acetretin 

123] , ketoconazole [124] , etc. Marxen et al. [125] assessed the 
mpact of chemical permeation enhancers, such as sodium 

aurodeoxycholate, dimethyl sulfoxide, sodium dodecyl 
ulfate and azone on the permeability of [ 3 H]-nicotine and 
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Fig. 4 – MSI imaging could combined with morphological observations, such as SEM and H&E staining. (A): A previous work 

used TOF-SIMS to co-locate ruxolitinib (green), phosphatidylcholine (PC) fragments (red) and ceramide fragment (blue) in 

mouse ear. SEM imaging was carried out after TOF-SIMS to identify the different skin layers. (Reprinted with permission 

from [118] , Copyright 2014 American Chemical Society). (B): H&E staining and MALDI-MSI were applied on a cross section of 
porcine buccal mucosa exposed to nicotine and mannitol solution. Red: Nicotine. Blue: Mannitol. Green: Epithelial marker. 
(Reprinted with permission from [126] , Copyright 2017 American Chemical Society). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mannitol across porcine buccal mucosa by imaging all of
these compounds by MALDI-MSI, as shown in Fig. 4 B. The
spatial resolution of nicotine and mannitol reached 10 μm or
even higher [126] . In another study, the spatial distribution
of caffeine and mannitol with or without sodium dodecyl
sulfate in porcine buccal mucosa was analyzed by MALDI-MSI.
The spatial distribution result indicated that sodium dodecyl
sulfate had permeated into one-third of the epithelium, with
the permeability increase of mannitol in the outer part of the
epithelium, which comfirmed the impact of sodium dodecyl
sulfate [127] . MALD-MSI is also able to determine the changes
of the endogenous components of skin with physiological
conditions or disease progression. For instance, the changes
of lipid distribution during the maturation of living skin
equivalent [128] , the role of metallothioneins in melanoma
occurrence and progression [129] , and the relevance of
the molecular features from corneocytes [130] have been
successfully identified by MALD-MSI. 

As described above, DESI-MSI detecting can be carried
out under atmospheric environment. With the help of
DESI-MSI, Taudorf et al. [131] evaluated the biodistribution
of methotrexate throughout the mid-dermal skin section;
D’Alvise et al. [132] demonstrated follicular transport of
lidocaine into deeper skin layers. In addition to targeted
drug analysis, DESI-MSI also allows one to discriminate
and visualize the histologic features of tissue and identify
disease progression by imaging associated lipids, proteins and
metabolic changes. 



274 Asian Journal of Pharmaceutical Sciences 16 (2021) 265–279 

Table 1 – Comparison of three types of MSI. 

SIMS MALDI DESI 

Molecular mass range 100–1500 Da 1000–80,000 Da 100–2000 Da 
Sample preparation No special sample preparation 

process 
Complex sample preparation 

process, including special slide 
and matrix spraying 

No special sample preparation 
process and allow detecting 
under atmospheric pressure 

Spatial resolution 400 nm–200 μm 10 μm–200 μm 50 μm–200 μm 

Reasons for data distortion Secondary collision of ions with 
background 

The desorption ability differences 
of matrix to analytes and the 
diffusion of analyte in solvent 

Solubility difference and 
displacement of microdroplets 
on the surface of samples 
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The differences between SIMS, MALDI-MSI and DESI-MSI 
re presented in Table 1 . SIMS provides high mass resolution,
ow molecular mass range ( m/z from 100 to 1500), and good 

ateral resolution (400 nm to 1–2 μm) [133 ,134] and does not 
equire specific sample pretreatment or surface modification.
owever, the fragmentation ions caused by high energy ion 

lusters, messy noise signals caused by secondary collision 

f ions with the background, and high demand for the 
acuum degree limit SIMS in terms of detectable mass 
ange and sensitivity. Compared with SIMS, the introduction 

f a matrix reduces the generation of ion fragments and 

nlarges the range of detectable molecular mass, yet this also 
rings some trouble. DESI-MSI allows testing under ambient 
ressure. Unfortunately, the spatial resolution, sensitivity and 

etectable molecular mass range of DESI-MSI are greatly 
ffected by spray droplet size, solvent composition and 

purious contaminants. The solubility difference for analyzed 

ubstances and the displacement of microdroplets on a 
ample surface may cause spatial distortion and quantitative 
eviation. Meanwhile, according to reports, the measurable 
olecular mass for DESI-MSI is limited to less than 2000 Da 

135] . 

. Comparisons 

R and Raman microscopy is used for qualitative and 

uantitative detection by analyzing the specific wavelength 
Table 2 – Comparation of IR spectroscopy, Raman spectroscopy 

Infrared spectroscopy Rama

Energy source Infrared light source Ultra
Spatial resolution 5–500 μm Hund

sub
Penetration depth Less than 5 μm Up to
Requirements for 
tested substances 

Characteristic infrared vibration Char

Analytical specificity Not easy to distinguish substances 
specifically 

High

Background 
interference 

With serious background 
interference 

Redu
cal
im
sca

Major difficulties/ limitation Background interference and low 

accuracy 
Long

ana
igration, therefore, does not need labeling as for 
uorescence microscopy. Both techniques are based on 

ibrational spectra, many studies have compared IR and 

aman microscopy for tissue imaging. Due to the different 
xcitation modes used, these two microscopies show major 
ifferences in every aspect. Asymmetric polar moieties 
ave strong IR cross-sections but low Raman cross-sections.
herefore, water may have a strong IR signal and vitally 

nfluence the imaging accuracy [136] . The skin’ oil CH bands 
ppears around 1700–1800 nm, whereas the water OH bands 
as proved to centered near 1460 nm and 1920 nm, which is 

aluable for the detection of the absorption and spreading 
f moisturizer, but brings trouble to the monitoring of 
opical substances [137 ,138] . As for the resolution, it has 
een reported that the resolution of IR imaging on skin 

amples is usually limited to several hundreds of microns,
ut some improved IR microscopies can reach a resolution 

f 5–10 μm or even higher [139-141] . The acquisition time 
or Raman microscopes is much longer than that for IR 

icroscope because of the weak Raman signal. However,
mprovements in equipment hardware can greatly shorten 

he scanning time. In addition, Raman microscopy provides a 
uch deep penetration depth, richer spatial information, and 

ore accurate qualitative and quantitative results. Raman 

pectroscopy can be used to locate not only target substances 
ut also image skin structure with submicron resolution,
hich is difficult to achieve by IR spectroscopy. Therefore,
aman spectroscopy is more commonly used in the field 
and MSI. 

n spectroscopy Mass spectrometry imaging 

violet to near infrared region High energy ion beam 

reds of microns to 
-microns 

Hundreds of microns to 
sub-microns 

 400 μm Detecting tissue surface 
acteristic Raman vibration Widely suitable for substances 

with molecular mass from 100 to 
80 000 Da 

er specificity and accuracy Strong substances discrimination 
ability 

ced by mathematical 
culation, hardware 
provement, using of light 
venger, etc. 

Mainly comes from matrix or 
molecular fragment and could 
be reduced 

 acquisition time and data 
lysis 

Pretreatment of samples, no 3D 

imaging capability 
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of transdermal imaging. Different from vibration spectrum,
MSI directly distinguish target compound by the molecular
ion peak, which is more specific. MSI can image hundreds
of substances at the same time, but only the substances in
the samples’ surface can be ionized and transported into the
detector. The detailed comparison is presented in Table 2 . 

6. Conclusion and prospects 

The skin a black box for TDDS. A clearer explanation of the
transdermal process can help researchers to evaluate the
transdermal efficiency, skin pharmacology, and application
safety of drugs. The inherent laws concluded from the
deeper revealing of transdermal mechanism will contribute
to the establish of mathematical models and in silicon
dynamic simulation models, significantly reduce the amount
of experiments, and deal with the dilemma about cosmetics’
animal experiments prohibition. Due to the small molecular
mass of most topical substances, the label-free imaging
technologies based on the identification of compounds’
characteristics is the most ideal imaging technology for
transdermal mechanism research. 

The label-free imaging technologies described in this
review can be used to image endogenous and exogenous
substances with a large molecular mass range in situ without
the need for labeling using macromolecular fluorescent tags.
The penetration ability of infrared and Raman microscopies
can be even used to maintain the integrity of skin samples.
Mass spectrometry imaging has a powerful chemical analysis
ability, which can be used to accurately distinguish between
hundreds of substances at the same time. The successful
application of these technologies helps researchers to further
understand the distribution and disposition of topical
substances in skin and clarify the role of the skin barrier
and skin appendages in the transdermal delivery process.
The non-invasive and real-time imaging ability of these
technologies provide a solution for in vivo dynamic tracking of
substances through skin, especially in human body, and help
to uncover the skin black box. In the future, the label-free
imaging technologies with higher spatial resolution and
accuracy, and faster scanning speed, which is expected to
achieve satisfactory performance equivalent to confocal
microscope, will boost the publish of more surprising results.

However, as we have seen, these techniques are not very
prevalent in the field of transdermal mechanism research at
present. The reasons for this originate from several aspects:
on the one hand, these instruments, as well as corresponding
accessories, are not commonly found in laboratories to meet
the demand of experiments, let alone modules with high
sensitivity and resolution as we have already mentioned.
On the other hand, most methods require a strict sample
pretreating process or complex mathematical calculation,
which brings challenges to researchers. Nonetheless, it
is believed that with further study of the transdermal
mechanism and the efforts of instrument manufacturers
towards the improvement of devices with good performance
and low cost, such methods will be recognized more and more
by researchers for promoting the progress of relevant research.
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