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Abstract

Understanding the delivery and diffusion of topically-applied drugs on human skin is of
paramount importance in both pharmaceutical and cosmetics research. This information is critical
in early stages of drug development and allows the identification of the most promising ingredients
delivered at optimal concentrations to their target skin compartment. Different skin imaging
methods, invasive and non-invasive, are available to characterize and quantify the spatiotemporal
distribution of a drug within ex vivoand in vivo human skin. The first part of this review detailed
invasive imaging methods (autoradiography, MALDI and SIMS). This second part reviews non-
invasive imaging methods that can be applied /n vivo: i) fluorescence (conventional, confocal,
multiphoton) and second harmonic generation microscopies and ii) vibrational spectroscopic
imaging methods (infrared, confocal Raman, coherent Raman scattering microscopies). Finally, a
decision-maker flow chart of imaging methods is presented to guide human skin ex vivoand in
vivo drug delivery studies.
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1. Introduction

In the first part of this review, we introduced mass spectrometry and autoradiographic tools
that can be used for tracking and quantification of drugs and compounds within skin [1].
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These sensitive methods are capable of analyzing skin samples but are largely restricted to
use in ex vivo samples. Optical imaging approaches can offer substantial benefits for the
study of drug and compound uptake within skin, such as the ability to quantitatively
visualize the spatiotemporal dynamics of molecular flow and flux in tissue. As these tools
are non-invasive and non-destructive, many optical imaging methods can be used to
repeatedly image and collect three-dimensional chemical tomograms of the same sample
region or individual over time. However, the light-based tools have inherent limits due to the
limited penetration depth of light, but their potential for translation to human use makes
them exciting approaches for examining pharmacokinetics (PK) in subjects and patients. In
this second part of the review, we introduce and discuss i) fluorescence (conventional,
confocal, multiphoton) and second harmonic generation microscopies) and ii) vibrational
spectroscopic imaging methods (infrared, confocal Raman, coherent Raman scattering
microscopies) available for imaging and quantifying molecular species in human skin.

The goal of this review is not to give a full literature review of every optical application in
the study of drug delivery in human skin, but rather to acquaint the reader with the principle
of each imaging technique and how these technologies are being used to advance the
knowledge in this field of human skin drug delivery.

Fluorescence (1PEF, 2PEF, FLIM) and second harmonic generation

microscopies (SHG)

The skin distribution profile of a cosmetic or pharmaceutically active ingredient (API) with
natural fluorescence [2] properties can be assessed using fluorescence-based microscopies.
Most of the studies in this field are conducted on cell cultures and ex vivo human skin
samples using conventional and confocal fluorescence microscopies. In the past twenty
years, the advent of multiphoton technologies opened the door to the non-invasive
assessment of a fluorescent ingredient distribution /7 vivo in human skin clinical trials [3-7].
For fluorophores that share significant spectral overlap, it is also possible to use fluorescence
lifetime imaging microscopy (FLIM) to discriminate exogenous fluorescent ingredients from
the endogenous, natural fluorophores of human skin, provided that their fluorescence
lifetime properties are different. Moreover, cosmetic ingredients and APIs that have non-
linear optical properties at the macromolecular scale, such as the second harmonic
generation, can also be detected 7 vivo using multiphoton SHG imaging [8] [9, 10].

Fluorescence-based imaging of different exogenous fluorophores, used as model drugs, has
also found applications in the development of transdermal drug delivery systems. These
technologies [11, 12] aim at enhancing the penetration of an ingredient into the skin, across
the skin’s barrier layer, the stratum corneum. These technologies span from first-generation
(patches), second-generation (chemical enhancers, noncavitational ultrasound,
iontophoresis) up to third-generation delivery systems targeting the stratum corneum using
methods such as microneedles, thermal ablation (radiofrequency, fractional laser),
microdermabrasion, electroporation, photoacoustic mediation [13] and cavitational
ultrasound.
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2.1. Conventional fluorescence microscopy

Conventional and confocal fluorescence microscopies [14] are based on the phenomenon of
linear one-photon excitation. One-photon excited fluorescence (1PEF) signals are emitted by
a fluorescent molecule that has reached the excited state by absorption of a single photon.
The return to the ground state occurs rapidly, typically within a few nanoseconds, through
the emission of a fluorescence photon. Fluorescence typically occurs from molecules
containing aromatic structures that are excited in the ultraviolet (UV), visible (VIS), and
near-infrared (NIR) wavelength range. In terms of spectral properties, the fluorescence
emission is “Stokes” shifted, due to intramolecular vibrational relaxation processes, and is
therefore emitted at longer wavelengths compared to the excitation wavelength.

In conventional wide-field fluorescence microscopy [15], a parallel beam of light, from an
arc-discharge lamp or LED light source, is spectrally filtered by an excitation filter and used
to illuminate the sample under the microscope’s objective. The fluorescence light is
collected in the backwards (epi) direction, separated from the excitation light using dichroic
mirrors and optical filters and detected on a camera. This type of fluorescence imaging
works best with thin samples such as cellular monolayers or histological sections with a
thickness of about 10 pm and image resolution can be enhanced through deconvolution.

When imaging thicker samples, the fluorescence signals arising from the tissues above and
below the focal plane will contribute out-of-focus light to the collected image, resulting in a
blurred picture. One can use conventional fluorescence microscopy to map the distribution
of fluorescent ingredients within thin human skin histological sections. Fluorescence
imaging can be accompanied by transmitted light imaging for morphological identification
of the stratum corneum, living epidermis and dermal layers.

Using transmitted light microscopy along with both conventional fluorescence and FLIM
(fluorescence lifetime imaging; see section 2.4 for FLIM description), Frombach et al.
investigated the potential of core-multishell nanocarriers (CMS-NC) for drug delivery across
the skin barrier [16]. CMS-NC are able to solubilize a multitude of hydrophobic drugs in
hydrophilic media and vice versa while exhibiting a high release rate. The authors
characterized the CMS-NC'’s distribution and the penetration and release of dexamethasone
(DXM), in excised full-thickness human skin focusing on the role of hair follicles. Figure
1A and B show conventional fluorescence images of both the carrier and the drug’s
distribution within the skin after topical application of DXM-CMS-NC on intact ex vivo
human skin. The images were acquired on thin histological sections and reveal the drug
accumulation in skin furrows and around hair follicles.

Moreover, the authors found that small amounts of the nanocarrier translocated into the
living epidermis, appearing as punctate spots. In order to verily that the observed
fluorescence indeed originated from ICC-CMS-NC (indocarbocyanine-labelled CMS-NC)
and not from endogenous autofluorescence, the skin sections were characterized by
conventional FLIM and transmitted light images (see Figure 1C, D, E). The authors not only
detected the fluorescence intensity, but also measured the fluorescence lifetime i.e. the
ensemble average time between the fluorophore’s excitation and its return to the ground
state. Fluorophores with similar emission spectra can be differentiated by FLIM provided
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they display different fluorescence lifetimes. Figure IE shows examples of fluorescence
decay traces of skin autofluorescence (green) and ICC-CMS-NC (cyan, red). FLIM data can
be analyzed in different ways: by fitting the fluorescence decay trace with multiple
exponential decay functions, by phasor analysis or by pattern analysis. The first two methods
are briefly described in section 2.4. In the above example, the authors used the pattern
analysis to identify the pixels with similar fluorescence decay traces [17]. The analysis
revealed three distinct fluorescence lifetime signatures (Figure IE): in the stratum corneum
and within the hair follicle, the slow fluorescence decay signature (cyan) of ICC-CMS-NC
was observed, while a fast fluorescence decay signature (red) was found in the center of hair
follicles and occasionally in small spots in the viable epidermis and dermis.

The above example highlights one challenge routinely encountered when using fluorescence
microscopy: the presence of autofluorescence from endogenous fluorescent compounds.
Indeed, skin contains many natural fluorescence molecules, such as collagen, elastin,
nicotinamide adenine dinucleotide (NADH), and flavin adenine dinucleotide (FAD) as well
as porphyrin molecules synthesized by bacterial in the skin microbiome [18, 19]. These
endogenous fluorophores can provide important information as to the composition and state
of the skin [20-22], but also can emit at the same wavelength as compounds of interest [23].
Skin autofluorescence can also be highly heterogeneous from person to person. In a recent
study examining facial skin samples, a six-fold difference in total autofluorescence intensity
was observed across more than forty subjects, showcasing a challenge in quantitatively
measuring fluorescent drug uptake in skin [24]. More problematically, the skin structures
that give rise to autofluorescence are themselves heterogenous: individual structures, such as
sebaceous glands, have non-identical levels of autofluorescence, and the structures
themselves are heterogeneously spatially distributed within skin [23]. This degree of subject
and spatial heterogeneity has motivated the need to study larger numbers of skin specimens
with advanced forms of fluorescence microscopy.

2.2. Confocal fluorescence microscopy

Confocal fluorescence microscopy [14] serves an important role in bridging the gap between
thin, two dimensional samples such as tissue sections and three-dimensional samples such as
ex vivo human skin biopsies. After topical application of a fluorescent compound onto the
skin, a biopsy can be taken and analyzed either in 2D with histology or in 3D with confocal
fluorescence via fresh or whole-mount methods. Confocal fluorescence microscopy enables
three-dimensional spatial imaging of the distribution of a fluorescent compound within
human skin up to a depth of about 50-70 um, depending on the concentration, emission
wavelength, and fluorescent quantum yield of the fluorescent compound as well as the
absorption and diffusion properties of the skin. Compared to conventional fluorescence
microscopy, the whole sample volume is not continuously illuminated but instead raster
scanned with a laser beam focused in the tissue by an objective lens. The fluorescence light
is epi-collected, de-scanned, separated from the laser light with a dichroic beam splitter and
collected by detectors. The image formation is derived only from the focal plane and not
from out-of-focus planes as in wide-field microscopy via the use of a spatial filter in the de-
scanned beam path. Spatial filters, known as “confocal pinholes” in this context, are placed
conjugate to the microscope focal plane such that only fluorescence signal arising from the
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focal point can efficiently pass through the aperture. A 2D image can be acquired by raster
scanning the laser light in xand y directions; a 3D volume is constructed by acquiring a
“stack” of individual 2D planes along the microscope axial (“z”) direction by either moving
the objective lens or the sample itself. The use of the confocal pinhole allows for so-called
“optical sectioning”. Confocal fluorescence microscopy offers an improved image contrast
over conventional fluorescence imaging due to the elimination of out-of-focus fluorescence
and an improved lateral (~200-400 nm) and axial (~0,4-1 um) resolutions. The practical
imaging resolutions depend on the fluorophore emission wavelength, numerical aperture of
the objective and index of refraction of the sample.

Limén et al. used confocal fluorescence microscopy to study the cellular internalization of
serine protease inhibitor-coated water-soluble gold nanoparticles as a novel targeted
approach for the treatment of inflammatory skin diseases [25]. Figure 2A shows the
distribution of BODIPY-labeled gold nanoparticles inside the cytoplasm of human
keratinocytes. Using the same imaging technique, Holmes et a/. studied the intracellular
labile zinc uptake within keratinocytes after application of zinc pyrithione (ZnPT), an active
component incorporated in an extensive range of topically applied commercial products
used, for example, in the management of dandruff (see Figure 2B) [8]. The authors used an
exogenous fluorophore, ZinPyr-1, to highlight the endogenous levels of intracellular labile
zinc in control cells and in cells treated with increasing concentrations of ZnPT. Instead of
using cellular membrane staining, the authors overlaid the confocal fluorescence images
with bright field images to map the fluorophore’s distribution within the cells.

The 3D distribution of a fluorophore within a skin sample can be characterized with this
imaging technique as demonstrated by Yamada et a/. for the ex vivo study of elongated
microparticles (EMP) combined with tailorable nanoemulsions (P20TNE) to enhance topical
delivery of hydrophobic drug surrogates in human skin [3]. As a hydrophobic drug
surrogate, they used a fluorescent lipophilic dye Dil, incorporated within P20TNE, and
characterized its distribution through the epidermis on freshly excised human skin (see
Figure 3 left). The confocal fluorescence images of EMP+P20TNE alginate group show a
detectable signal of Dil around the dermal-epidermal junction and demonstrate that topical
delivery of TNE was enhanced by EMP and alginate.

In vivo confocal fluorescence imaging of a fluorescent compound topically applied to living
human skin suffers from strong UV / VIS laser light attenuation by tissue constituents
(mainly melanin and hemoglobin), which can limit imaging depth. Still, a remarkable
amount of information can be gleaned from drug penetration through the epidermis and the
upper layers of the dermis. As reviewed by Alvarez-Roman, confocal fluorescence imaging
can follow and quantify the penetration of a wide range of fluorescent compounds and
nanoparticles within skin tissue [26]. It should be noted that confocal fluorescence methods
can cause rather significant photobleaching of fluorescence compounds, as all fluorophores
along the optical axis are excited. This can also lead to photodamage of the skin tissues, as
the excited fluorophores can generate reactive radical species [27].

Confocal fluorescence imaging in the skin is often accompanied by confocal reflectance
imaging, which can be used to acquire 3D structural images of skin tissue [28-31]. In this
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imaging mode, the excitation and detection wavelengths are set to be identical; the laser light
reflected and/or scattered by the sample is passed through the confocal pinhole and detected
to provide contrast that arises from refractive index changes in the sample. A 3D skin image
in confocal reflection microscopy facilitates identification of the stratum corneum, living
epidermis, dermis layers, and even the flow of blood through skin capillary loops [30].
Confocal reflection microscopy can use any wavelength of light, but is typically carried out
in vivo using red or near-infrared lasers to achieve the highest possible penetration depth
within tissue. Figure 3 (middle) shows an example of confocal reflectance images of ex vivo
living abdominal skin treated with elongated microparticles combined with tailorable
nanoemulsions and alginate. The reflectance images allow for the easy discrimination of
elongated microparticles from the cells to assessing their penetration in the upper dermis.

2.3. Multiphoton — 2PEF, SHG contrast modes

Multiphoton microscopy opens up the ability to image fluorescent molecules deep within /in
vivo human skin and has many applications in applied cosmetic and pharmaceutical
research. Multiphoton imaging has been used in studies spanning from the characterization
of human skin pigmentation, age-related or photo-aging changes [32-41], and
dermatological disorders [42-55] to the assessment of pharmaceutical and cosmetic products
penetration in human skin [3, 4, 8, 25, 40, 55-63]. Using multiphoton imaging, fluorescent
compounds and skin structural components can be characterized at sub-micrometer (~400
nm lateral and ~2 um axial) resolutions within the epidermis and superficial dermis up to a
depth of ~200 um [64]. In addition to visualizing specific drugs of interest, multiphoton
imaging can be leveraged to visualize specific intrinsic emission profiles associated with
cellular and extracellular matrix skin constituents such as keratin, NADH, FAD, melanin,
and elastin. In addition, so-called “harmonic” generation microscopy methods can be used to
visualize the microstructure of tissue, including specific types of fibrillar collagens [65-72].
Discrimination of exogenous fluorescent compounds from the endogenous tissue
fluorescence is possible when the compound of interest has fluorescence properties
(intensity, emission spectrum, lifetime) that differ appreciably from those of skin
constituents.

Multiphoton fluorescence and harmonic microscopies make use of ultrashort pulsed near-
infrared or infrared lasers. In multiphoton processes, multiple photons interact at the same
time within the focal volume to induce a nonlinear effect. Two-photon excitation
fluorescence (2PEF), predicted in 1931 by Maria Goppert-Mayer [73, 74], involves the
simultaneous absorption of two infrared photons whose combined energy promotes a
molecule to an excited electronic state. As two photons are required for excitation, the two-
photon excited fluorescence signal intensity is proportional to the square of the excitation
intensity. This nonlinear absorption occurs only at regions of high photon density, leading to
molecular excitation and subsequent fluorescence only at the focal point of the objective lens
[75-77]. Indeed, as the probability of two-photon absorption is extremely low, this
phenomenon is only possible if the sample is excited with high power densities (MW/cm? to
GW/cm?). This is currently achieved using femtosecond or picosecond pulsed lasers focused
down to sub-femtoliter sized volumes within the sample. As emission only occurs at the
focal point, multiphoton microscopy tools do not require spatial filters and thus offer
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intrinsic optical sectioning. To build 2D and 3D images, the laser focus is scanned in two or
three dimensions in the sample. As the quantum mechanical selection rules for one and two-
photon absorption are different, the two-photon absorption spectrum does not always mirror
that of one-photon absorption. However, due to Kasha’s rule, fluorescence emission occurs

from the same final state, leading to largely similar emission spectra and lifetime properties.

Another major advantage of multiphoton imaging is its ability to provide increased imaging
depth over single photon methods, as the infrared excitation light experiences reduced
scattering and absorption in turbid tissue environments. In addition, as fluorescence
excitation is confined to a sub-femtoliter portion of the object focus, the sample experiences
less photobleaching as well as reduced phototoxicity.

2PEF (sometimes called TPEF) imaging has found applications in both ex vivoand /n vivo
human skin drug delivery studies [3, 4, 6, 7, 23, 56, 78-90], and achieves cellular-level and
depth-defined visualization of exogenous fluorescent drugs. The 2PEF intensity z-profile is
one of the most straightforward quantification parameters extracted from the images, and
enables insight into drug delivery profiles. /n vivo 2PEF imaging in human volunteers has
limitations in terms of image acquisition speed and image field of view, but a fluorescent
drug can be detected through the entire epidermis and within the uppermost 100 um of
dermis with relative ease. Using this method, Yamada et a/. were able to directly acquire, /n
vivo on forearm skin, penetration depth data of the previously described elongated
microparticles combined with tailorable nanoemulsions and arginine (see Figure 3 right).
They used 6-Carboxyfluorescein (CaF) in the core droplet of tailorable nanoemulsions
(TNE) in volunteers for the first time and characterized the delivery of CaF within the
epidermis and uppermost dermis at 2 time-points (15 and 50 min) post application. CaF was
selected as a fluorescent drug surrogate based on the similarity of size, charge and
hydrophobicity characteristics to small therapeutic drugs that are classically difficult to
deliver through skin. These 2PEF images support the hypothesis that EMP formulations can
enhance the delivery of TNE in human skin /7 vivo. CaF 2PEF imaging was performed at an
excitation wavelength of 900 nm, a wavelength at which the autofluorescence intensity of
the epidermis is low (e.g. no cellular constituents are visible on the images in Figure 3 right)
and 2PEF signal can mainly be attributed to exogenous drug fluorescence. When both
endogenous skin constituents and exogenous fluorescent drugs have similar excitation/
emission properties, fluorescence lifetime imaging can be employed provided that their
fluorescence lifetime profiles are different (see section 2.4).

Furthermore, 2PEF imaging can be combined with other nonlinear imaging modalities that
offer additional sources of contrast, such as second harmonic generation (SHG) and coherent
Raman scattering (CRS) [91] (see Section 3.3). Demonstrations of work capitalizing on the
complementary data provided by these techniques are detailed in later sections. SHG is a
coherent second-order nonlinear process that, while ‘Forbidden” in most compounds, can
occur in special molecules and structures that exhibit what is known as non-centrosymmetry.
In this type of medium, two photons can be converted into a new photon at double the
original frequency, corresponding to half the original wavelength. Advantageously, both
2PEF and SHG signals can be excited using the same laser source and detected separately
based on their spectral difference (red-shifted 2PEF compared to SHG). Applications of
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SHG imaging in human skin drug delivery are limited to epidermis, since fibrillar collagens
in the dermis generate intense SHG signals that cannot be discriminated from the SHG
signals generated from exogenous compounds.

The application of SHG to drug studies was successfully demonstrated by Mohammed et a/.
using broad-spectrum sunscreen containing zinc oxide nanoparticles (ZnO NPs) [8]. This
study investigated the safety and toxicity of repeated application of agglomerated ZnO NPs
applied to human volunteers over 5 days by assessing the skin penetration of intact ZnO-NPs
and zinc ions. Multiphoton 2PEF-FLIM of NADH and FAD was used to directly visualize
viable epidermal metabolic changes and SHG imaging to assess the ZnO-NP skin
penetration. Figure 4 shows representative 2PEF /SHG images of the different epidermal
layers of untreated skin and skin after repeated application of vehicle, uncoated and coated
Zn0O-NPs. The authors found that ZnO-NPs (SHG signal in red) accumulated on the forearm
skin surface and within the skin furrows but did not enter or cause cellular toxicity in the
viable epidermis (no change in the NADH and FAD fluorescence lifetime parameters).

2.4. Multiphoton 2PEF-FLIM imaging

Fluorescence lifetime imaging microscopy [92] in association with 2PEF imaging brings an
additional contrast mechanism for increased specificity, offering insight into the type of
fluorophores contributing to the detected signal. Fluorophores with similar emission spectra
can be differentiated by FLIM provided they display different fluorescence lifetimes.
Fluorescence lifetime (z) is a measure of the ensemble average time between the molecule’s
excitation and its return to the ground state. The fluorescence lifetime has traditionally been
computed using time-domain analysis by fitting the fluorescence decay trace with multiple
exponential decay functions to extract unique molecular lifetimes and their contributions.
Typically, a simple molecule’s fluorescence lifetime has a single exponential decay shape.
Most of the exogenous fluorophores used as model drugs in skin delivery studies show this
behavior, but in the human skin, the autofluorescence signal within the sub-femtoliter

excitation volume comes from a variety of endogenous fluorophores and the fluorescence
t t
decay typically shows a biexponential behavior: Photon coun(f) = aje™ 7| + age” v, Where 71

and =, are, respectively, the fast and slow lifetimes and & and & their amplitudes.

The skin’s autofluorescence lifetime spans from hundreds of picoseconds (e.g. melanin, free
NADH, bound FAD) to nanoseconds (see [93] and included references). The bi-exponential
fit thus provides information on the fast and slow fluorescence lifetime and their relative

amplitudes a1[ %] = ﬁ and ap[ %1 = % One can use the images of 7; ©, a[%] and

a[%] as well as combination parameters for images such as the intensity- or the amplitude-

ajt] +apr)

weighted averaged lifetime z 4, gnp = to look for differences between endogenous

al+ap
skin constituents and an exogenous fluorescent drug. Using this approach, Alex et al.
recently demonstrated the feasibility of /n vivoand in situ 2PEF-FLIM for the visualization
of the topical drug’s uptake within the human skin at daily clinical practice environment (see
Figure 5) [4]. The topical drug candidate studied advantageously had a distinctly longer
fluorescence lifetime than that of the surrounding skin’s autofluorescence, allowing the local
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distribution of the topical drug’s uptake to be selectively visualized within the human skin.
As 2PEF imaging is non-invasive and non-destructive, the 3D pharmacokinetics of the study
drug were observed longitudinally over the course of ten days using this FLIM approach.

Although the fluorescence lifetime is independent of the fluorophore concentration, it
depends on the local microenvironment of the molecule. These variables include pH,
binding status, and molecular conformational changes. Furthermore, the human skin’s
autofluorescence is highly heterogeneous, both spatially within individuals and between
individuals [94]. Such variables can alter a molecule’s fluorescence lifetime, making it
difficult to determine the exponential decay functions needed to accurately extract
fluorescence lifetime information. In this case, the phasor approach to FLIM is highly
advantageous as it does not require a priori knowledge of the sample for data analysis [95].

In phasor analysis, the fluorescence decay trace in each pixel is mathematically transformed
into a pair of phasor coordinates, G and S that represents the cosine and sine components of
a Fourier transform. All possible phasor coordinates of a single exponential decay in the
phasor plot lie on the so-called universal semicircle going from point (1,0) to point (0,0),
corresponding respectively to z= 0 and = = oo (see Figure 6). For a mixture of two distinct
single lifetime components in an image pixel, the phasor coordinates lie inside the universal
semicircle, rather than on its boundary, and reside along a line connecting two distinct
lifetime points. In the case of multiple fluorescent components colocalized within the same
pixel, the phasor coordinate is the sum of the independent phasor coordinates of each
fluorescence component. The relative contributions for each pixel can be calculated by
computing the relative distance from the pixel’s phasor to the phasor clusters of the
individual known fluorescent species. This feature is highly beneficial when visualizing and
quantifying multiple fluorescent topical drugs co-delivered into the skin.

This approach was recently used by Osseiran et a/. to study fluorescent chemical sunfilters
that were found to penetrate within the stratum corneum on ex vivo human skin and cause
measurable redox shifts [20]. These tools were also used to visualize the delivery of
topically applied minocycline within ex vivo human facial skin [23]. In this study,
minocycline advantageously had a shorter lifetime (400-500 ps) than that of skin’s
autofluorescence (1.5 ns). However, extraction of the minocycline signal from
autofluorescence was complicated by the large heterogenous spread in both contributions.
As shown in Figure 7, the phasor cluster of minocycline is located within the universal
semicircle instead of its boundary, indicating minocycline sample itself contains multiple
fluorescence lifetime contributions. Experiments revealed that these contributions arose from
a number of factors, including tissue water content, the degree of magnesium ion chelation,
and pH. However, by obtaining the phasor cluster references of the topical drug and skin
autofluorescence, phasor analysis enabled extraction of the local minocycline contribution.

3. Vibrational spectroscopic imaging methods

Vibrational spectroscopic imaging techniques are unique in their ability to visualize and
quantify molecular species by their intrinsic molecular structures. Molecular structures give
rise to unique molecular vibrations; as molecules are a sum of individual structures, every
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molecule can be associated with a collection or “fingerprint” of associated vibrational
frequencies that together comprise a spectrum. Vibrational spectroscopy and, by extension,
vibrational spectroscopic imaging uses these unique vibrational spectra to identify, locate,
and quantify specific chemical species within samples. Importantly, these vibrational
frequencies are intrinsic to each molecular structure, allowing for detection and imaging of
molecules without the need for exogenous labeling. When paired with microscopy tools,
vibrational spectroscopic methods can provide non-invasive, sub-cellular resolution imaging
deep within tissue /7 vivo lor pharmacokinetic (PK) measurements.

There are two major classes of vibrational spectroscopic imaging: techniques based on light
absorption and techniques based on light scattering. Light absorption approaches make use
of near-infrared and infrared (IR) light to directly excite molecules to higher vibrational
modes. Infrared spectroscopy and spectroscopic imaging pass a range of infrared
wavelengths through a sample and determine the absorption spectrum at individual
locations. The absorption spectra can then be used to map out molecular species. Infrared
spectroscopy and imaging can be carried out in reflection or transmission modes and can
suffer from water absorption, such that they are often used on thinly sliced or sectioned
tissues.

Light scattering methods take advantage of the Raman effect, discovered in 1928 by the
Nobel-prize winning scientist C.V. Raman. In Raman scattering, photons interact with a
molecule’s vibration scatter with unique quanta of vibrational energy. A wide range of
spectroscopic and microscopic techniques, such as spontaneous Raman spectroscopy,
coherent anti-Stokes Raman scattering (CARS) microscopy and stimulated Raman scattering
(SRS) microscopy, have been developed and used for a broad range of biological and
biomedical applications [96-98]. As Raman-based methods make use of scattered light, they
can be used in epi-collection configurations compatible with /7 vivo imaging. Moreover,
since the Raman effect involves gain, loss, or interactions with quanta of vibrational energy,
Raman spectroscopy and imaging methods can be carried out using UV, visible, and near-
infrared light, allowing for resonance-enhanced Raman as well as Raman approaches to
image deep within tissue.

Infrared Spectroscopy and Microspectroscopy

The existence of light beyond the red wavelengths of the visible spectrum was first
discovered in the 19th century by Friedrich Wilhelm Herschel [99]. Using diffracted sunlight
and removing the visible wavelengths, he was able to induce heating with this newly
discovered infrared light and hypothesized a common origin for both visible light and heat
radiation. During these experiments he also studied the transmission of infrared light
through different materials, but it was not until the mid-20th century, with innovative
electronics that enabled the use of automated spectrometers, that infrared adsorption was
studied in more detail [100, 101]. Since its development, IR spectroscopy has become a
widely used analytical tool to assess chemical compounds for industrial purposes and later
applied to the pharmaceutical and food industries [102]. Building upon developments in
other fields, IR techniques have been implemented to analyze cells and tissues [103] and for
medical diagnosis and screening purposes for applications ranging from diabetes to cancer
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research [104, 105]. For cancer research, vibrational spectroscopy has been demonstrated for
the analysis and mapping single cells and tissues [106, 107]. Recent studies have explored
the use of IR tools for the detection of glucose concentration /n vivo [108]. While IR
wavelengths are prone to substantial absorption by water, IR spectroscopy can still be
applied superficially /n7 vivo as a non-invasive tool to study the structure and composition of
human skin and its barrier function.

In vibrational spectroscopy, the most commonly used unit is the wavenumber, with units of
reciprocal centimeter (cm™1), which is proportional to light frequency and therefore energy.
Infrared photons in near, mid and far-IR wavelengths whose energies match that of
vibrational level transitions are absorbed when passing through a sample. Infrared spectra
display this loss of photons to the sample in an infrared absorption spectrum. Quantum
mechanical selection rules favor the absorption of single vibrational quanta of energy, such
that infrared absorption spectra are dominated by single infrared absorption. While quantum
mechanically ‘forbidden”, overtone vibrational transitions can occur, where a molecule
absorbs two or more quanta at once. However, these absorption events are far less common,
but they can be measured and have optical effects in tissue such as the second- and third-
overtone vibrations that limit the penetration of near-infrared light at certain wavelengths in
tissue.

IR spectroscopy can be used for characterization of endogenous biological molecules such
as water, proteins, nucleic acids, lipids and carbohydrates [109], as well as detection of
structural changes which occur in diseased states. Clinical biomarkers have been
investigated primarily in the mid-IR absorbance range to study genomics [109] and
proteomics [110]. The far-IR (also known as thermal IR) also offers non-contact evaluation
of dermatological complications such as burn wound depths [111]. An example of the
information available via IR spectroscopy is shown in Figure 8 (B & C) from a histological
section of skin (A) (adapted from [112]).

The protein-related amide | and amide 11 bands at 1650 and 1550 cm™~1 are clearly visible, as
well as the lipid-related bands at 1735, 2850 and 2920 cm™~2. The signals below 1500 cm~1
arise due to asymmetric and symmetric CHg bending vibrations from peptides and proteins
(1457 and 1400 cm™1), the asymmetric and symmetric stretching of ionized PO2~ (1240 and
1075 cm™1) related to DNA and RNA molecules, and the vibrational modes of CH,OH
groups and C-O stretching along with C-O bending of the C—-OH groups in carbohydrates
(1025 and 1045 cm™1) [105].

IR microscopy, or IR microspectroscopy, is a specific version of light microscopy where the
light source transmits IR wavelengths of light. Seminal work by Potts, Francoeur, and
colleagues at UCSF established many of the application of IR microscopy to skin imaging,
including studies focused on lipid composition [113, 114] and the transport of molecules
through the skin [115, 116]. These and other investigation of conditions associated with
compromised skin structure have been well suited to IR microscopy [117]. While upper
layers like the stratum corneum of the skin are easier to visualize with infrared methods,
interrogating deeper layers is optically challenging due to photon scattering and absorption,
resulting in poor light throughput [118]. Tissue assessment using IR absorption can provide
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information regarding the depth of the intact tissue [119], however, IR imaging does lack 3D
sectioning capabilities. To overcome this need, modalities like Fourier transform infrared
(FT-IR) spectroscopy and attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy have been implemented to offer depth profiling [ 120].

ATR-FTIR can also integrate other spectroscopy and microscopy techniques like Raman
spectroscopy [121], atomic force microscopy (AFM) [122, 123] and scattering scanning near
field microscopy (s-SNOM) [124]. For example, an ATR-FTIR and Raman spectroscopy
approach was recently used by Balazs et a/. where they combined the delivery of a lyotropic
liquid crystal genistein-based formulation (LLC-GEN) with electroporation (EP) . They used
ATR-FTIR and Raman spectroscopy to examine the synergistic effect of EP on hairless
mouse skin ex vivoand in vivo. These studies demonstrated that the LLC-GEN formulation
was an effective transdermal drug transporter and the combination of this nanocarrier system
with EP enhanced the delivery and effectiveness of the drug [125]. Moreover, ATR-FTIR,
when combined with AFM, offers nanoscale imaging below the diffraction limit. Here, the
nanoscale spatial resolution of the AFM tip response is tied with the infrared light
interaction: the signal collection is dependent on thermal expansion and relaxation of
material after light absorption [120]. In another study of chemical penetration enhancers by
Zhang et al., an ATR-FTIR and AFM combination system was used to demonstrate the
significant skin permeation promotion profiles of imidazolium ionic liquids [122].
Furthermore, while infrared imaging is used frequently ex vivoto look at lateral diffusion of
chemical formulas such as acyl chain perdeuterated oleic acid (OA-d) [126], experiments
can be readily accompanied by /n vivo evaluation. One such example are studies of
cyanophenol [127], hydroxypropyl-p-cyclodextrin-grafted polyethyleneimine (HP-p-CD—-
PEI) with vitamin B12 as a model drug [128], and the model drug flufenamic acid with
deuterated liposomal drug delivery system [129]. Excellent reviews detailing developments
in IR imaging frameworks [120], fundamental technologies [130] and applications [121] are
available.

One benefit of the specificity of vibrational microscopy techniques such as those based on
IR is that the different vibrational signals originating from distinct molecules can be used to
extract quantitative molecular concentration information in the context of tissue structures
[112]. For example, the water content in skin /77 vivo can be estimated using ATR-FTIR
spectroscopy, by analyzing absorption at 1640 cm™1 and between 3225 cm™1 and 3615 cm_;
[131]. Lipid vibrational signals can be used to gain information regarding the lipid content
and organization within the stratum corneum. In this skin layer, lipids can be in
orthorhombic or hexagonal ordered phases, as well as in a liquid-crystalline, disordered
phase. These two phases have unique vibrational signatures that can be studied using IR
spectroscopy [132]. Using the splitting of the CH, rocking vibrations (720 and 729 cm™1)
which is characteristic for orthorhombic phases, it was shown that phase transitions can be
induced in isolated stratum corneum using heat [133]. A complementary approach based on
the analysis of the width of the second-derivative of spectra in the region between 1475-
1460 cm~1 was developed for /n7 vivo application with ATR-FTIR spectroscopy [134]. The
packing of lipids and their concentration can be related to changes in the skin barrier
function [135] making IR a potent method to follow structural changes after application of
permeation enhancers. In a screening study, different penetration enhancers and their effect
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on skin penetration were correlated with the CH, symmetric stretching mode at 2850 cm™2,

which enabled the design of new penetration enhancers expected to reduced irritation

response [136].

If a topically applied molecule has a specific vibrational band that does not coincide with
one of the bands observed in skin, IR spectroscopy can be used to follow drug delivery. An
exemplary experiment is shown in Figure 8 [137], where the authors followed the
penetration of the deuterated moleculel-palmitoyl-ds;, 2-oleoylphosphatidylcholine (P-
d310PC) along a histological cut of pig skin. The CD; stretching modes from DPPC
observed at approx. 2090 and 2190 cm™ lies within the “silent” spectral region and can
therefore be used as a fingerprint for the molecule. IR microscopy was also used to follow
the penetration of deuterated propylene glycol and deuterated dimethyl sulfoxide (DMSQO)
on histological cuts [138], and a similar approach used to follow the uptake of chitosan
[139].

Despite the demonstrated sensitivity of IR techniques to specific constituents both within
native skin tissues and exogenous chemicals, fundamental limitations hinder some
biomedical applications of this spectroscopic analysis. Water adsorption remains a
significant challenge, limiting /n vivo applications. As IR absorption is non-negligible in
tissues, signal attenuation can reduce efficient collection and invalidate Beer-Lambert law
assumptions [129]. Furthermore, the appreciable IR absorption typically limits IR
backscattering to only the upper layers of the stratum corneum with sufficient intensity for
imaging [140]. Combinations of techniques, such as nanoscale IR imaging based on AFM
may one day have value beyond mapping composition and structure of lipids within the
stratum corneum at high resolution. [123]

3.2. Confocal Raman spectroscopy

When a molecule scatters light, most of the photons are scattered elastically, in a process
known as Rayleigh scattering. During this process, the energy of the scattered photons is the
same as the incident photons. However, a small fraction of light (1/107) can be inelastically
scattered at unique, different frequencies through interactions with vibrational modes of the
molecules. The scattered photons can leave with gains or losses in energy equal to
vibrational quanta of energy, and therefore carry information regarding molecular structure.
This inelastic scattering mechanism is known as spontaneous Raman scattering, where the

dependence of the signal is given by [141] /gaman & Im[ 1.

The Raman scattering intensity /pzman has a linear relation with the imaginary part of ;(g’),

and it is only sensitive to the resonant part of the material response. Those properties result
in a theoretically high signal-to-noise ratio in Raman spectroscopy and a linear relation with
molecular concentration. In practice, Raman effect can be rather weak due to the small
fraction of light that is Raman scattered, resulting in the need for long acquisition periods
[142]. Measuring a spectrum at a single point in a sample can require seconds, while
acquiring a Raman spectral image can take hours [142]. Depending on the wavelength of
light used and the tissue interrogated, Raman scattering is often accompanied by tissue
autofluorescence that can be many times greater than the Raman signal itself. Special data
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analysis methods are typically employed to remove unwanted spectral contributions and
interpret the complex spectral information [143].

For applications in drug delivery, spontaneous Raman spectroscopy is often integrated with a
confocal optical path to obtain spatially-resolved information. As such, the spatial resolution
of confocal Raman scattering systems can range from hundreds of nanometers (for UV and
visible excitation light with high NA objectives) to micrometers (near-infrared and low NA
lenses) [142]. In combination with infrared laser excitation, confocal Raman allows spectral
acquisitions at depths of tens of micrometers [144]. Deeper tissue imaging can be possible if
the confocal pinhole is enlarged: by compromising depth resolution to 10-20 um, Bonnist et
al. reported a direct confocal Raman measurement up to 300 pm deep using a long working
distance objective [145]. This ability to detect materials by their vibrational spectral
signature deep within skin has made confocal Raman of special interest in drug delivery
research as it enables non-invasive evaluation of compound penetration behaviors [146].

Confocal Raman spectroscopy can be adapted for application using classical Franz diffusion
cells by making use of skin explants. This approach can be used to glean pharmacokinetic
data alongside traditional Franz cell measurements. Forster et al. used this method for
tracking cosmetic ingredient penetration in excised skin after 24 hours’ treatment [147]. To
overcome the limitation of depth, freeze-dry excised skin samples can be further prepared
after the treatment on a Franz diffusion cell. For example, this method has been used for
detecting the penetration of Metronidazole [148] and hyaluronic acid of different molecular
weights (see Figure 9) [149] up to several millimeters depth. By freeze-drying skin samples
at defined time points, molecular penetration can be observed kinetically at a quantitative
level [150].

As Raman spectral measurements require relatively long integration times, in vivo
measurements can be complicated due to natural body motions, such as breathing and
heartbeats. /n7 vivo Raman imaging thus requires careful stabilization of the subject or
specific body region being interrogated. One commonly used system is an inverted
microscope, such as reported by Caspers et al. [144, 151, 152], which has been
commercialized for skin research [153, 154]. For example, it has been used to observe the
delivery of retinol [155, 156], carotenoids [157], various oils [158, 159] and vitamin
derivatives [160] in human skin /n vivo. Furthermore, dynamic observation of molecular
penetration can be also performed /n vivo. Pot et al. reported real-time monitoring of p-
phenylenediamine penetration [161]. Santos et a/. introduced dynamic analysis of retinyl
acetate delivery into stratum corneum [162]. The design of this commercial system is
unfortunately limited to assessing the skin of limbs placed over the objective lens, meaning
that most of the studies above were performed on human forearms. To overcome this
limitation, other /n vivo systems were built to make use of a flexible probe connected via
optical fibers [163]. While this design is in principle more adaptable to assess a variety of
body zones, the stability of the system can be challenging. To stabilize the contact between
objective and skin surface, a cover glass is often placed on the surface of the skin. For added
depth resolution, oil immersion objectives can be employed. It should be noted, however,
that an occlusive effect can be caused by the contact measurement, as Raman measurements
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with this system can take a minute or longer. To avoid occlusion, air objectives can be used
to eliminate contact, with the associated loss of acquisition stability.

As we have already mentioned, theoretically spontaneous Raman response has linear
relation with molecular concentration. However, in a scattering medium such as skin, the
light attenuation in depth has a strong effect on both incident light and collected signal. To
well estimate this energy loss in depth profiling, an endogenous reference is commonly
used. Based on the assumption that the reference component, such as protein (C-H bend or
CH3 stretching) [148, 151, 152], is homogeneously presented in skin, the relative intensity
of a drug to the reference component intensity can be used for signal attenuation correction.
However, we have to keep in mind that this assumption is not totally correct due to the
complex skin structure. Besides, Franzen et a/. has established a mathematical algorithm to
correct Raman signal attenuation in human skin [164]. They have developed a skin surrogate
to simulate the optical properties of human skin, for investigation of Raman signal
attenuation. Although they have included most of human stratum corneum compositions in
this model, the variation between skin types /in vivo and the presence of melanin in depth are
not considered. For precise quantitative analysis of drug uptake in skin, data analysis method
is still a challenging topic due to the complexity of skin structure and compositions, as well
as, the huge variation of individuals caused by origins and life styles.

It is worth noting that there are many efforts seeking to improve the data acquisition rate for
spontaneous Raman tools such as confocal Raman. A major innovation is the application of
compressive Raman spectroscopy technology [165-167]. Unlike conventional methods,
where a complete vibrational Raman spectrum per spatial pixel is acquired, compressive
Raman technology applies a known ‘mask’ of only interesting frequency regions when
taking a hyperspectral image. This encodes only useful information in the measurement.
Soldevila et al. recently used a compressive spectrometer in combination with computational
technique, to reduce the effective acquisition time to 0.4 ms/pixel for lipid-protein imaging
of tissue [168]. It is anticipated that this approach can be readily applied to drug imaging and
pharmacokinetic studies.

3.3. Coherent Raman scattering microscopies: CARS and SRS

Coherent Raman scattering methods offer significantly greater signal and speed over
traditional spontaneous Raman methods, allowing for vibrational imaging of
pharmacokinetics and pharmacodynamics /7 vivo up to video-rate speeds. These advantages
come with the trade-off of added complexity: coherent Raman processes are stimulated and
therefore require two laser light fields, called “pump” and “Stokes”. In order to “tune” into a
molecular vibration of interest, the difference frequency between these two laser colors must
be adjusted to match a molecular vibration or set of molecular vibrations. In coherent Raman
imaging, the frequency difference between the lasers creates a coherent, stimulated condition
that gives rise to signals that are orders of magnitude greater than the conventional
spontaneous Raman. By using a pair of lasers to specifically tune into the molecular
vibrations that arise from specific chemical structures, CRS allows for the biochemically
sensitive and non-destructive detection of native molecular species /n vivo at video-rate
speeds [169].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pena et al.

Page 16

There are two main coherent Raman imaging methods currently in use for the visualization
of drugs and tissues: CARS and SRS. These complementary processes occur simultaneously
within the sample and can be measured via different detection schemes. In CARS, the
presence of a molecular vibration gives rise to a photon at the anti-Stokes frequency [170].
In SRS, a modulation transfer scheme is used to detect the transfer of energy from the
Stokes beam to the pump beam that occurs in the presence of a resonant vibrational mode.
SRS is advantageous in chemical imaging over CARS, as the CARS signal is mixed with
and contaminated by a non-resonant contribution [170-172]. CARS can still be extremely
useful in tissue imaging, in particular, in revealing tissue structure.

Coherent Raman imaging is most typically carried out using picosecond pulses [170], whose
bandwidths match the linewidth of typical Raman vibrational modes [173]. In this
narrowband configuration, the frequency difference between the laser must be adjusted
sequentially to tune into each molecular vibration. While this approach has traditionally
been slow, new advances in fiber laser technology now allow for rapid tuning within
microseconds [174], enabling multiband coherent Raman imaging at high speeds with high
spectral selectivity.

Broadband light sources can indeed be used for coherent Raman imaging. Broadband
methods can be used to collect entire hyperspectral images, similar to what is done in
spontaneous Raman imaging, where each pixel contains an entire spectrum [175]. These
approaches are data-rich, but slower than single-band imaging, sometimes requiring minutes
per image. In 2012, Ozeki et al. [176] and Zhang et a/. [177] developed hyperspectral SRS
imaging techniques that use both a picosecond and a femtosecond laser together, achieving
high spectral resolution over a narrow wavelength range of ~220 cm™1 in the high
wavenumber region. Figueroa et al. reported a hyperspectral SRS instrument based on
parabolic fiber amplification, which provided more than 600 cm™1 spectral coverage and ~10
cm~1 spectral resolution [178]. It is worth noting that coherent Raman imaging and
spontaneous Raman spectroscopy can be carried out on the same optical instrument for high
speed imaging and pinpoint Raman spectral acquisition. [179-181].

Femtosecond systems can be made compatible for narrowband-like imaging through a
method known as temporal focusing [182], where the pump and Stokes beams are sent
through dispersive media to impart a linear chirp. This chirp can be set such that the two
pulses have the same rate change in frequency over time, creating a condition where the two
pulses have a constant frequency difference throughout the pulse width. This temporal
focusing approach can be advantageous for tuning, as small changes in the temporal delay
between the pulses act to change the effective frequency difference, enabling near-
narrowband spectral resolution and simple, but limited, tuning range. Recent work by the
Cheng group has worked to transform this method into a high-speed hyperspectral imaging
tool, where coherent Raman hyperspectral stakes can be acquired over 100-200
wavenumbers of spectral bandwidth [183].

As CRS is a microscopic imaging technique, it can be used to follow spatiotemporal changes
within tissue at subcellular scales to reveal underlying chemical dynamics [184]. Prior
research has demonstrated that CRS can quantitatively track unlabeled drugs via their unique
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chemical structures in real time for both /n vivo drug and formulation testing [185]. The
most common means of visualizing specific drugs or actives within skin has been to tune
into unique molecular vibrations that arise from chemical structures not found /7 vivo. This
is of great importance, as the contrast in coherent Raman imaging arises from molecular
vibrations in a sample; it is difficult to visualize and quantify a molecule of interest if it
shares all its vibrational modes with tissue. Examples of unique, or bio-orthogonal,
molecular structures include alkyne groups, nitriles, conjugated structures such as chains of
vinyl groups, and ring structures containing heteroatoms such as like piperazines. Many of
these vibrational modes fall within the so-called “silent region” of the vibrational spectrum,
a span from 2000 wavenumbers to 2700 wavenumbers where there are essentially no Raman
active modes arising from biological samples. Coherent Raman imaging experiments that
target silent-region vibrational models, such as alkynes, benefit as there are no background
contributions from the tissue itself [170-172].

For molecules that do not have unique vibrational modes, isotope labelling can be employed
to add specific Raman contrast The most common isotope labelling approach is to swap
carbon-hydrogen bonds for carbon-deuterium bonds; this results in a massive vibrational
band energy shift. While aliphatic and aromatic C-H stretching vibrations lie in the
2800-3200 cm™1 range, the heavier C-D counterpart is shifted to within the silent region
between approximately 2100 and 2250 wavenumbers [186]. This can be highly
advantageous, as it enables the direct observation of otherwise undetectable molecules and
can be extended to a range of therapeutics including antibodies and peptides. Other labels
have been recently developed, including the so-called “carbow” range of Raman labels that
make use of modified alkyne tags. This approach can enable multiplexed imaging of
numerous labelled molecules [187].

In a review article published in 2016, Tipping et al. surveyed many of the advancements in
the use of SRS in the general field of drug discovery [188]. While the imaging of drugs in
cell culture systems had previously been carried out with CARS [189], the non-resonant
background contribution in the CARS signal and the CARS quadratic signal dependence on
chemical concentration made PK imaging challenging. The non-resonant contribution leads
to substantial challenges in interpreting and quantifying CARS signal for anything other
than well-isolated vibrational bands. The quadratic signal dependence can be compensated
for in certain experimental conditions, but this requires the additional complexity of a third
ultrafast, synchronized laser in the imaging setup, and the spectral interpretation challenges
remain [172, 190, 191]. Quantitative analysis is difficult to achieve with CARS given these
challenges, though the non-resonant background can potentially be used as a reference for
compensating for depth-dependent changes in signal intensity. Using this approach, CARS
microscopy was used to image the penetration of high concentrations of deuterated glycerin
in skin ex vivoand in vivo[190, 191].

SRS, in contrast, is not contaminated by a background signal, has signal that is linear with
molecular concentration, and has spectra nearly identical to that of spontaneous Raman. This
makes SRS a potentially ideal approach for quantifying the uptake of drugs in skin. All-in-
one SRS light sources can be purchased commercially, allowing for turnkey operation by
biologists. One of the first pioneering applications of coherent Raman imaging in PK was
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carried out by Freudiger et al., who showed that SRS could be used to image drug delivery
into skin [192]. They demonstrated the three-dimensional visualization of retinoic acid,
dissolved in the carrier DMSO, into mouse. Saar et al. explored the use of SRS to visualize
the simultaneous penetration of the drug ketoprofen in a deuterated carrier into skin over
time (Figure 10) [193]. In this work, ketoprofen was specifically imaged via the stretching
vibration of its benzophenone structure, while the propylene glycol carrier was deuterium-
labeled to facilitate imaging via C-D stretching vibrations. Work by Belsey et a/. showed the
use of CARS, SRS, and 2PEF in the visualization and depth profiling of ibuprofen, a
propylene glycol-d8 solvent, and fluorescein-labelled microparticles in normal and ablated
porcine skin over a few hours, observing simultaneously both drug deposition and
crystallization of the drug within the skin [91]. A recent study by Wei et a/. imaged the
antifungal drug terbinafine via its alkyne group in the skin of mouse ears [194], visualizing a
high correlation of this lipophilic drug with lipid distribution in the tissue

Despite the successful applications of CRS, quantitative computational analysis of PK
within the skin has remained a challenging due to the heterogeneous behavior of drugs
within the tissue’s complex structure. Recently, Feizpour ¢/ al. developed a method that
leveraged CRS for investigating topical anti-inflammatory drug PK in mouse skin [195].
This method performed multi-depth, time-resolved imaging using SRS microscopy and
included a quantitative image analysis approach that made use of Convolutional Neural
Networks (CNNs) to identify structures, cells and cell types in skin. Figure 11 shows the use
of SRS for imaging 4 various compartments at different depths (up to 100 pm) in mouse
skin. A U-Net [196] was used for the segmentation of lipid-rich from water-rich areas of the
images and the extraction of relative drug uptake at stratum corneum when the drug is
dissolved in two different vehicles.

While coherent Raman imaging does enable chemically-specific, direct imaging of
pharmacokinetics, it does suffer from a few drawbacks that makes its application as a
universal drug-imaging tool challenging. CARS and SRS work well for concentrations of
molecules that are relatively high, with both methods having lower-concentration limits in
the 100 micromolar range for routine imaging experiments of silent-region vibrational
bands. The situation can become worse when attempting to image molecules whose modes
are within the fingerprint or high-wavenumber regions of the Raman spectrum: here tissue
signal contributions can overwhelm the molecular signal of interest. There have been
numerous efforts to overcome these issues, and many researchers in this space are
investigating new means to boost imaging and detection sensitivity [192, 197, 198]. At the
moment, however, these sensitivity limits constrain the application of coherent Raman
methods from finding utility in PK studies, in particular those that would seek to follow
tissue drug uptake of systemic drugs.

An additional challenge exists to extend coherent Raman imaging as a general-purpose tool
for all possible drugs. The discussion above largely focused on drugs that either have unique
vibrational modes or have been isotope labelled. The majority of drugs do not have unique
modes, and isotope labelling, while acceptable in many pre-clinical studies, can be
challenging, expensive, and inappropriate for many clinical studies. One potential route
towards building a more general-purpose CRI PK imaging tool would be gather

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pena et al.

Page 19

hyperspectral data. However, as mentioned earlier, most coherent Raman spectroscopy
methods are either too slow or are limited in tuning range. There are several efforts to
overcome this limitation, with many researchers pushing the state of the art in hyperspectral
coherent Raman imaging. Particularly promising for this purpose is a new generation of
fiber lasers that can be rapidly tuned to visualize numerous bands throughout the Raman
spectrum to enable visualization of a far greater number of drug species in tissue [174].

4. Methods comparison

Understanding the spatial and temporal distributions of pharmaceutical and cosmetic
compounds within the skin has become increasingly important during product development.
In this regard, the FDA supports the development and the evaluation of imaging technologies
for bioequivalence studies of topical products. All these methods can help in characterizing
the uptake of specific drugs within human skin and even follow a drug’s penetration and
residency within human skin. The imaging methods described above make use of light to
interrogate skin, many of which can be configured for non-invasive imaging. These
approaches are also advantageously non-destructive, enabling their use repeatedly to follow
changes in drug and chemical uptake over time in the same tissue sample, specimen, or
individual. As such, many of the optical tools discussed can be used /n vitro, ex vivoand in
vivo with the ability to be directly applied to subjects and patients in the clinic for real-time
pharmacokinetic and pharmacodynamic studies.

Table 1 summarizes the performance of each method in skin drug delivery studies according
to their spatial resolution, sensitivity, specificity and the extracted semi- or quantitative
information. All these imaging technologies are already maturely commercialized.
Moreover, some of them such as multiphoton 2PEF/FLIM/SHG imaging are available as
medical devices approved for their use on human skin /n vivoand CRS imaging devices that
can be used for human studies are also coming on the market.

Each of these approaches have their own strengths and weaknesses. 2PEF, along with FLIM
and second harmonic generation microscopies, are non-invasive methods that can be readily
applied to human skin drug delivery studies. The skin distribution profile of cosmetic and
pharmaceutic ingredients with natural fluorescence or non-linear optical properties can be
assessed using these methods in 2D or 3D, on cultured cells, in ex vivotissues, and /in vivo
in human skin [26, 199-205]. By incorporating exogenous fluorophores as model drugs,
these technologies have also found applications in the development of transdermal drug
delivery systems. Fluorescence approaches can be highly sensitive to lower, nano- and pico-
molar quantities chromophores, but require that the compound or drug of interest be
fluorescent or have special non-linear properties. Fluorescence methods also must contend
with the strong native autofluorescence of skin. While technologies such as FLIM can be
used to separate out some fluorophores from this background, the ultimate sensitivity of a
fluorescence imaging experiment can be severely limited by the autofluorescence emission
of skin itself. It should be noted that FLIM imaging of endogenous fluorophores can be used
to extract information on the cellular metabolic activity. Thus, one can non-invasively and
simultaneously assess the drug’s penetration and its effects on the skin cellular metabolic
activity and, in the case of drug delivery systems, their safety of use [20].
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Multiphoton fluorescence methods, by using infrared light, can achieve deeper tissue
penetration than that of single-photon fluorescence excitation configurations such as
confocal, but the maximum skin imaging depth of fluorescence is measured in hundreds of
micrometers. For strong fluorophores, video-rate and higher imaging speeds are possible,
enabling rapid pharmacokinetic imaging in living tissue.

It is important to note that fluorescence methods are largely semi-quantitative, providing
measurement of the local emission contributions of images, as the local tissue environment
(e.g. pH, water content, etc.) can modulate fluorescence emission properties. The drug’s
signal must first be separated from the skin signal, either spectrally or based on the
fluorescence lifetime. 3D automatic segmentation of epidermal and dermal compartments
from 2PEF/SHG skin images [37], can be used to determine uptake, as well as melanin,
elastin, fibrillar collagen content, and the location of the dermal-epidermal junction (DEJ)
[25, 40, 63]. This type of information enables semi-quantitative measures of drug uptake
within unique skin compartments across different skin types and different individuals.

Infrared and confocal Raman approaches advantageously can be used to visualize essentially
any potential drug or compound, as they collect complete molecular vibrational spectra
Infrared imaging is largely limited to ex vivo samples and the skin surface due to water
absorption of the infrared light. The use of infrared light also acts to reduce the spatial
resolution of infrared microspectroscopy to micrometer scales. Confocal Raman, which is
routinely performed in animals and humans, can be used to acquire spectra down to
approximately one to two hundred micrometers deep in skin. This single-point, spectral
acquisition approach can be rapid for time-resolved measurements, however, the weakness
of the spontaneous Raman effect means that acquiring Raman images can take hours to
days. This makes confocal Raman imaging ideal for either ex vivo sample imaging or for
acquiring point-location spectra /n vivo. The sensitivity of both infrared and confocal Raman
is set by the spectral contrast of the molecule of interest versus the contribution from the
skin tissue itself.

Rounding out the list of tools is coherent Raman imaging, which makes use of vibrational
spectral information in a multiphoton-like configuration. This gives it the advantage of
video-rate or higher temporal resolution and subcellular resolution at depths hundreds of
micrometers deep within tissue. Current coherent Raman methods are restricted to targeting
unique or bio-orthogonal vibrational bands, though the fast-evolving nature of the coherent
Raman research community will likely improve on this limitation in the years to come.
CARS microscopy has reduced sensitivity compared to SRS microscopy due to the presence
of a non-resonant background contribution inherent to the CARS process. The signal in
CARS also scales with the square of the concentration of a given molecular specie. These
considerations make SRS the clear optimal choice for imaging drug or compound uptake
within tissues such as skin. The sensitivity of SRS is restricted to the upper 100’s of
micromolar to millimolar regime for unique and bio-orthogonal vibrational bands,
depending on the molecule of interest. Like spontaneous Raman tools, the in-practice
sensitivity results from a balance between the signal contributions from the molecule versus
that of the background skin tissue.
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An important consideration to weigh when choosing a modality for analysis balances the
cost and complexity of the tools used to obtain the relevant data. These considerations vary
greatly across the imaging modalities discussed, from commercial systems to complicated
research-grade technologies. Conventional and confocal fluorescence microscopes require
little expertise to operate, with many commercial systems available from a range of vendors
including Biotek, Leica, Nikon, Olympus, Zeiss. Multiphoton fluorescence and FLIM
systems typically require more expertise and system interaction. While a few systems are
marketed as turn-key, most are based on more conventional confocal laser scanning
microscope systems with integrated ultrafast laser sources and additional detector channels.
Aligning and coupling a laser source into an available microscope beam path is typically the
primary source of complexity associated with data collection for these modalities, along
with identifying correct imaging parameters for lifetime acquisitions. The ultrafast tunable
lasers used for imaging are provided by a few companies including Coherent and Spectra-
Physics at costs similar to or exceeding that of the microscope itself.

Vibrational imaging similarly spans a wide spectrum of both cost and complexity. Infrared
microscope systems are commercially available from suppliers such as Agilent, Bruker,
PerkinElmer, and ThermoFisher. These compact, benchtop instruments are turnkey with
fully integrated components. Similarly, spontaneous Raman microspectroscpy systems are
commercially available fully packaged with excitation lasers, microscope control, and
detectors from several vendors (ca. Bruker, Horiba, Renishaw, and WiTec). These systems
are similarly costly due to the needed stable laser sources and low noise detectors integrated
to collect the weak Raman scattering signals. Similar to multiphoton fluorescence systems,
coherent Raman imaging systems are high cost and high complexity instruments. While
there are a few commercial systems on the market, most systems are research grade. Jenlab
manufactures a 2PEF/SHG/FLIM imaging system for /n vivo human skin studies that
additionally offers CARS, but not SRS, functionality. The primary cost again originates from
the need for a single dual-output, or two single-output ultrafast lasers, at least one of which
should be tunable. These lasers can similarly be integrated into confocal laser scanning
microscopes to utilize existing system features for image acquisition.

While these cost and complexity considerations cover the implementation and operation of
the imaging systems, further thought must be paid to the analysis and interpretation of this
equipment, especially for research grade, spectroscopic systems that are capable of rapidly
producing large quantities of data within a single imaging session. Advanced analysis
software suites vary widely by application and are beyond the scope of this review. However,
once imaging parameters and analysis procedures for an application have been identified,
these techniques can be easily and directly applied to a wide variety of new samples for
investigation.

5. Discussion

In Part | and Part Il of this review, we introduced methods and toolkits for detecting,
imaging, and quantifying the uptake of drugs and compounds in the skin. These approaches
include those that require specific labelling of a given compound (e.g. autoradiography) and
those that are meant to work with native, unmodified species (e.g. MALDI mass
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spectrometry, Raman). The toolkits can be applied to biopsy specimens (e.g. SIMS) and in
living subjects (e.g. Raman, multiphoton 2PEF/FLIM/SHG and coherent Raman). Some
approaches offer subcellular resolution (e.g. SIMS and fluorescence), while others are more
optimized for cellular-sized features (e.g. MALDI, infrared). This wide range of toolkits and
capabilities present array of choices that can make selecting the right method challenging.

Figure 12 presents a decision tree aimed at guiding experiments towards the most optimal
imaging method. Molecular species that are fluorescent are typically the readily imaged ex
vivoto in vivo, though it is noted that these approaches are semi-quantitative and may not
have great enough specificity due to interference from other, potentially endogenous,
fluorophores. Molecules with non-linear optical properties such as the second harmonic
generation can provide increased specificity and no interference from the endogenous
fluorescent skin constituents, but SHG imaging applications will be limited to epidermis
layer, since fibrillar collagens in the dermis generate intense SHG signals that cannot be
discriminated from the ones of exogenous molecules. If a molecule of interest has a
vibrational signature, either a spectral fingerprint or a unique vibrational mode, vibrational
imaging tools can be employed for quantitative imaging in skin. If temporal resolution is
critical for a given experiment, coherent Raman offers real-time imaging speeds, with
confocal Raman and infrared imaging requiring many minutes to hours to collect vibrational
imaging data. If fluorescence, SHG and vibrational approaches are either not possible, or do
not have the sensitivity required, mass spectral techniques are the best next approach,
offering two different spatial resolution capabilities. Finally, if the molecule of interest is not
amenable to mass spectrometry or if higher sensitivity is required, autoradiographic labelling
is performed.

It should be noted that this decision tree is for the simplest experimental case of
investigating a single drug or compound of interest. Many more considerations become
important in the case of multiple simultaneous compounds or when the downstream
metabolites of a drug are of interest. In the case of either multiple drugs or when there is a
need to visualize both a compound and its delivery vehicle or formulation, fluorescent and
Raman tools can still be used, but the potential interference between drug/compound
contributions must be taken into consideration. For example, recent efforts visualizing the
uptake of two fluorescent molecules would need to determine if their spectral or lifetime
properties overlap. Similarly, in the case of Raman methods, an important early step would
be to assess the chemical similarity between the two compounds. Fluorescence and Raman
techniques, while potentially able to visualize a particular molecule, may not have the
sensitivity or specificity to quantify a drug’s metabolites. For these types of experiments,
mass spectrometry tools offer robust performance and can be used to follow many
simultaneous molecular species.

The parameters of study also significantly impact the choice of toolkit. For example, if a
compound of interest is thought to penetrate rapidly into skin in less than one or two
minutes, it would be prudent to see if multiphoton fluorescence or coherent Raman imaging
approaches can be adapted, as they both have high temporal resolution capabilities. The site
of uptake is another major consideration: for studies of skin in visible areas, it can be
challenging to obtain skin samples for ex vivo experiments. The study of acne drugs on the
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face is a good example, where it is crucial to visualize and quantify the uptake of drugs to
their target, but at the same time extremely difficult to obtain live, fresh facial skin from
teenage patients. For such studies, non-invasive microscopy clinical imaging systems are
good choices. Recent developments in creating microbiopsy tools that do not cause scarring
may alleviate this problem in the near future [206-208]. Complex formulations, such as
those found in many cosmetic products, also require special consideration, as they may
contain numerous naturally-derived compounds that can interfere with fluorescence and
Raman measurements. For these topical products, mass spectrometry approaches may be
ideal.

The decision tree can also be driven by practical clinical considerations. For instance, mass
spectrometry necessitates biopsies or excision of tissue samples from patients, which may
not be possible in some cases. Autoradiography, while widely accepted in its use in
preclinical and nonclinical studies, has significant safety concerns and regulatory barrier for
use in human subjects, unless the diagnostic or therapeutic indication for use involves a
radioactive compound. For Raman imaging, a deuterated compound may alter the
pharmacokinetic behavior of the original molecule such that deuterated compounds may not
be acceptable in some pharmaceutical or clinical development programs.

While the discussion has mostly centered on selecting a particular method for a given
experiment, the methods discussed here can readily be combined to reveal otherwise unseen
information. For instance, fluorescence and Raman techniques often make a natural pair; for
example, a recent study examining the uptake and pharmacodynamic effects of sunfilter
formulations observed the penetration of sunfilter compounds into deeper layers of the skin.
Imaging of the carrier (Finsolv) with coherent Raman imaging revealed that the formulation
was penetrating deep within skin, carrying the sunfilters with it [209]. Similarly,
fluorescence imaging can be combined with mass spectrometry tools to glean both rapid
temporal data /n vivo and high content chemical information ex vivo. For example,
fluorescence imaging can be used to follow a primary compound of interest in real-time, /n
vivo, in a clinical study. A biopsy acquired from the imaged site can later be interrogated
with mass spectrometry to examine for compounds within the formulation, or perhaps for
metabolites of that compound. While such a combination does not give simultaneous high
temporal and chemical information, the combination of approaches can provide important
information regarding the pharmacokinetics of the compound.

This combination of approaches is also important in the context of providing validation of a
given method. MALDI mass spectrometry, for example, can be a sensitive method, but its
sensitivity can be dependent on the ionization efficiency of a given molecule. Cross-
validating a set of MALDI results with infrared or Raman imaging can provide an important
check that results are correct and consistent. For methods such as coherent Raman, which
have relatively low sensitivity, collecting tissue samples for secondary mass spectral analysis
can be an important step in ensuring accurate compound quantification.
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6. Conclusions

The tracking and quantification of drug and compound uptake into skin is critical for the
pharmaceutical, cosmetic and environmental hazard testing fields. Small changes in
environment, formulation, or chemical structure can have major effects on uptake,
penetration, target engagement and clearing of molecular species in the skin. This review has
offered a snapshot of current methods that can detect, identify, and quantify specific drugs or
compounds within human skin. Ongoing research efforts, in the mass spectral and optical
imaging fields in particular, continue to push the state-of-the-art in tissue chemical analysis.
Numerous teams are pushing the speed, sensitivity, and portability of optical imaging tools
to translate powerful chemical imaging modalities for non-invasive use on patients. Work in
data science and machine learning are actively changing the way data is collected and
analyzed, breaking down barriers and enabling quantitative analysis of otherwise unwieldly
datasets [210]. Moreover, developments in user-friendly, ultrasensitive, compact, multimodal
imaging systems and on-the-fly data analysis will drive forward the applications of these
tools in human skin drug delivery. These translational research efforts promise to not only
augment existing methods, but to change the paradigms of skin pharmacokinetic and
pharmacodynamic measurements.
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Figure 1.
Example of conventional fluorescence, FLIM and transmitted light images of a drug (DXM)

and its core-multishell nanocarrier (CMS-NC) distributions within ex vivo human skin. A/
B) conventional fluorescence images highlighting in red the nanocarrier CMS-ICC
(indocarbocyanine-labelled CMS-NC), in green the DXM drug (anti-DXM primary-
antibody coupled with Fluorescein isothiocyanate (FITC)-labelled secondary-antibody) and
in blue the cells nuclei (DAPI staining); C) Transmitted light and conventional FLIM overlay
images of CMS-ICC penetration in the skin section. Pseudo-colored fluorescence decay
signatures shown in (E) indicate the localization of the CMS-ICC-NC; dashed lines indicate
borders between stratum corneum, living epidermis and dermis layers. (D) Cluster-FLIM
images of epidermal and dermal ICC-CMS-NC locations; zoom into regions of (C) as
indicated by white rectangles. (E) Fluorescence decay signatures (ICC-CMS-NC: red, cyan;
Autofluorescence: green) revealed by cluster-FLIM analysis. Reprinted from J. Control.
Release, 299, Frombach et a/., Core-multishell nanocarriers enhance drug penetration and
reach keratinocytes and antigen-presenting cells in intact human skin, 138-148, Copyright
(2019), with permission from Elsevier [16].
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Figure 2.
Example of confocal fluorescence images of compound uptake within human keratinocytes.

A) Internalization of BODIPY-labeled gold nanoparticles (red) into the cytoplasm of HaCaT
keratinocytes stained with Alexa Fluor 488-conjugated with fluorescent wheat germ
agglutinin (WGA) for glycocalyx membrane identification. Adapted with permission from
Limon et al. Bioconjugate Chem. 29, 1060-1072 (2018) [25]. Copyright (2019) American
Chemical Society; B) (top) Confocal fluorescence images of exogenous labelvZynPyr-1
(cyan) highlighting the intracellular labile zinc and its increase after application of different
concentrations of zinc pyrithione (ZnPT) on HaCaT keratinocytes. (bottom) Overlay of
confocal fluorescence and transmitted light images allowing to map the fluorophore’s
distribution within the cells. Reprinted from Toxicol. Appl. Pharmacol. 343, Holmes et a/.,
Imaging the penetration and distribution of zinc and zinc species after topical application of
zinc pyrithione to human skin, 40-47, Copyright (2018), with permission from Elsevier [8].
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Figure 3.
Example of ex vivo confocal fluorescence, /in vivo confocal reflectance and /n vivo two-

photon excited fluorescence images of elongated microparticles (EMP) combined with
tailorable nanoemulsions (P20TNE) to alliance topical delivery of hydrophobic drug
surrogates in human skin. (left) ex vivo confocal fluorescence images showing the
distribution of a fluorescent lipophilic dye (Dil, incorporated within TNE) at the surface (0
um), 10, 20 and 30 um deep in human skin. The P20TNE alone appears to partition in the
stratum corneum and furrows, whereas EMP coated with P20TNE using alginate (EMP
+P20TNE Alginate) were capable of delivering detectable Dil around the dermal-epidermal
junction at >30 um deep. (middle) Ex vivo confocal reflectance images showing the
presence of EMP+P20TNE Alginate through the excised living abdominal skin. (right) /n
vivo 2PEF images of human forearm skin after topical application TNE (alone and EMP
+P20TNE Alginate) containing 6-Carboxyfluorescein (CaF) in the core droplet of the TNE.
At 15 min post application, majority of TNE stayed at the surface of the skin, whereas at 50
min, more intense TNE signal released from EMP was detected at dermal-epidermal
junction. Adapted from J. Control. Release, 288, Yamada et a/. Using elongated
microparticles to enhance tailorable nanoemulsion delivery in excised human skin and
volunteers, 264-276, Copyright (2018), with permission from Elsevier [3].
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Figure 4.
Example of SHG application to /77 vivo human forearm skin drug delivery - effect of daily

application of uncoated and coated ZnO-NPs on human skin /n vivo for 5 days. Negative and
vehicle controls are included. (a) Representative pseudocolored multispectral images (1gm
=370-390 nm [red], Agm =450-515 mn [green], Agm =515-620 nm [blue] of different skin
strata after treatment. The images were pseudocolored to show cellular autofluorescence
(green/blue) and ZnO-NP (red). (b, c) Metabolic- and redox-associated changes in FLIM
channel 2 (Agm =450-515 nm) in stratum granulosum, stratum spinosum, and stratum basale
after treatment. (b) Average redox (a.q: a.) ratios obtained after treatment. (c) Average
fluorescence NAD(P)H/FAD lifetime (A1gy,) obtained after treatment. Data represent mean
lifetime (ps) or ratio + 95% confidence interval (n=5). Scale bar 40 pm. Em, emission; FAD,
Flavin adenine dinucleotide; FLIM, fluorescence lifetime imaging microscopy; NAD(P)H,
reduced nicotinamide adenine dinucleotide phosphate; NP, nanoparticle; ZnO, zinc oxide.
Reprinted from J. Invest. Dermatol. 139/2, Mohammed et a/. Support for the Safe Use of
Zinc Oxide Nanoparticle Sunscreens: Lack of Skin Penetration or Cellular Toxicity after
Repeated Application in Volunteers, 308-315, Copyright (2019), with permission from
Elsevier [8].
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Figure 5.
Example of /in vivo 2PEF-FLIM data obtained with bi-exponential fit analysis to assess the

distribution and residency of a topically applied fluorescent cream on human forearm skin.
All blue regions with longer fluorescence lifetime indicate signal from the fluorescent drug.
The FLIM images were acquired daily throughout the study and at three different skin
depths: (a—f) stratum corneum (SC), (g-1) stratum granulosum (SG) and (m-r) dermal-
epidermal junction (DEJ). On treatment days 2—7, most of the drug signal was detected on
the skin surface (c, d). Accumulation of the topical formulation along skin ridges is also
visible in images obtained on days 2, 8 and 9 (i, j, k, p). By day 10, there was no detectable
fluorescence from formulation residing in the skin (f, I, r). Reprinted from with permission
from [4].
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Figure 6.
Phasor analysis of two single lifetimes components za and zg. Schematic of time-correlated

single-photon counting fluorescence lifetime exponential decay traces (left) and the phasor
plots of two fluorophores and their mixture (right). The contributions of two fluorophores to
the mixture pixels can be determined by computing the distance between the pixel’s phasor
and two references phasor cluster.
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Figure 7.

Example of ex vivo 2PEF-FLIM data obtained with phasor analysis to assess the topically
applied fluorescent drug within human facial skin. Bright field images, phasor plots, and

MNC-Mg?2* fluorescence contribution images of (a) dried MNC-Mg?2*, (b) untreated

sebaceous gland, and (c) sebaceous gland treated with MNC-Mg?2*. The phasor plots and
MNC-Mg?* fluorescence contribution images were generated from the red fluorescence
channel (590-650 nm) using a non-Euclidean phasor analysis algorithm developed in Matlab
[20]. All FLIM images were obtained with 90 s acquisition time. Reprinted with permission

from Biomed. Opt. Express, 9, 3434-3448, 2018, Jeong et al. Visualization of drug

distribution of a topical minocycline gel in human facial skin, ©Optical Society of America

[23].
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Figure 8.

IR spectroscopy for drug delivery in skin. A) Histological section of unstained pig skin
where deuterated phospholipids were topically applied before imaging. The outer dark line
shows the stratum corneum, the arrow starts in the topically applied formulation and goes
towards the dermal layers of the skin. IR spectra recorded along the arrow (superficial
spectra depicted at bottom) are shown in B) and C). For spectra close to the tip of the arrow
(upper spectra) the typical skin signature becomes visible with strong Amide I and 11
vibrations from keratin, while the prior spectra obtained on the surface of the skin exhibit
signal from the symmetric and asymmetric stretching CD, modes from the exogenous P-
d310PC liposomes at approx. 2090 and 2190 cm™L. Reprinted with permission from [112].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pena et al.

Length ¥ (jmi

(S
S

Length ¥ (jam)

Page 44

Length Y {pm}

B g

20 40 60 80 100 120 140

Length X (i) Length X (ym)

=

Langsh ' {yumi

20 0 L] w0 1o 120 140 20 40 60 B0 o0 120 140
Length X (jam) Length X (jm)

Figure 9.
Permeation and localization of various hyaluronic acid (b) Renovhyal (20-50 kDa HA), (c)

Bashyal (100-300 kDa HA) and (d) Cristalhyal (1000-1400 kDa HA) in skin, in comparison
with the control (a) water treated skin. Reprinted with permission from [149]
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1=64 min. F =104 min.

Figure 10.
Imaging the penetration of deuterated PG (upper panel) and ketoprofen (lower panel) across

the stratum corneum. Images acquired at the depths indicated down the left-hand side of the
figure and times indicated along the top show the penetration of cosolvait and drug into the
tissue using SRS contrast at 2120 cm™1 and 1599 cm™1, respectively. Scale bar = 50 um.
Reprinted with permission from Brian et a/. Imaging Drug Delivery to Skin with Stimulated
Raman Scattering Microscopy, Molecular Pharmaceutics 2011 8 (3), 969-975, DOI:
10.1021/mp200122w. Copyright 2011 American Chemical Society [193].
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Figure 11.

(a) SRS images of SC, SG, AD and SCF layers in mouse epidermis (on the left side of each
red box) and segmentation of the lipid-rich areas using 4 in-house-trained U-Net algorithms
(on the right side of each red box). (b) Relative uptake of ruxolitinib over time in transcutol
and a gel formulation in the lipid-rich regions of an SC image. (c) Pearson’s correlation
coefficient for 10 uptake patterns similar to what is shown in (a) for both ruxolitinib and
BMDP-D in transcutol and gel showing a statistically significant difference between the two
vehicles. (p < 0.05). (d, e) AUC calculated for the same experiments as in (c) but for the AD
and SCF shows a non-significant difference between the two vehicles. Taken from [195]
with permission.
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Decision tree for selection of technique for quantitative imaging and analysis of drug
delivery in skin.
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