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ABSTRACT

A correlative methodology for label-free chemical imaging of soft tissue has been developed, combining non-
linear optical spectroscopies and mass spectrometry to achieve sub-micron spatial resolution and critically
improved drug detection sensitivity. The approach was applied to visualise the kinetics of drug reservoir for-
mation within human skin following in vitro topical treatment with a commercial diclofenac gel. Non-destructive
optical spectroscopic techniques, namely stimulated Raman scattering, second harmonic generation and two
photon fluorescence microscopies, were used to provide chemical and structural contrast. The same tissue sec-
tions were subsequently analysed by secondary ion mass spectrometry, which offered higher sensitivity for
diclofenac detection throughout the epidermis and dermis. A method was developed to combine the optical and
mass spectrometric datasets using image registration techniques. The label-free, high-resolution visualisation of
tissue structure coupled with sensitive chemical detection offers a powerful method for drug biodistribution

studies in the skin that impact directly on topical pharmaceutical product development.

1. Introduction

We developed a new correlative imaging approach that combines
nonlinear optical spectroscopies and mass spectroscopy imaging,
applied to the same tissue sample for label-free visualisation of both the
tissue structure and the distribution of an applied drug.

Raman spectroscopy (RS) is a well-established method for chemical
mapping based on the inelastic scattering of light by molecular vibra-
tions [1,2]. RS has been widely used to map drug distribution in cells
and tissues [3-5]. However, the data acquisition time required to
generate high resolution images is relatively long (several tens of hours),
potentially compromising the data integrity for time-sensitive samples;
furthermore, depending on the molecular structure of the drug, the
method sensitivity can be quite low, especially in deeper tissue layers
[3]. Stimulated Raman scattering (SRS) microscopy utilises two lasers

rather than one to stimulate a vibrational mode of interest and to rapidly
acquire an image at a single wavenumber at a time [6-8]. This method
has successfully been applied to visualise drug distribution in skin [9]. In
addition, SRS microscopy can be performed simultaneously to other
optical techniques such as second harmonic generation (SHG) and two
photon excited fluorescence (TPEF) microscopies for label-free visual-
isation of the connective tissues, collagen, and elastin, respectively
[10-12].

Mass spectrometry imaging (MSI) provides label-free chemical
analysis and includes a range of both ambient and high vacuum tech-
niques [13]. Secondary ion mass spectrometry (SIMS) utilises a focused
ion beam to sputter the molecules that compose the sample surface.
Sputtered molecules are then extracted and identified through a mass
analyser with a time-of-flight (ToF) analyser or an Orbitrap analyser
[14], more commonly used for organic materials. SIMS offers chemical
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analysis with high sensitivity over a large mass range combined with 3D
imaging capabilities and high lateral resolution. The recent technolog-
ical developments of SIMS instrumentation and the implementation of
large cluster ion sources have greatly enhanced the sensitivity of the
technique making possible the study of diverse sample types [15-17].
SIMS has become well-suited to biological and pharmaceutical appli-
cations including the determination of spatial co-localization of phar-
maceuticals with biomolecules and drug distribution in single cells and
tissues [14,18-23], in addition to molecular characterisation of the skin
barrier itself [24,25].

Although both optical spectroscopy and mass spectrometry imaging
approaches are powerful when applied individually, they perform
differently across important metrics such as chemical sensitivity, spec-
ificity, and spatial resolution. It is advantageous, therefore, to combine
the complementary information they offer [26]. Previous work
involving correlative RS and MSI approaches have been reported; for
example, RS has been combined with matrix assisted laser desorption
ionisation (MALDI) mass spectrometry imaging [27-29]. MALDI affords
much higher chemical specificity, but the combination benefits from the
higher spatial resolution achievable with RS. Since MALDI requires the
application of a matrix compound, the RS is performed first, or on serial
sections [30].

In this work, we correlated the label-free optical imaging modalities
SRS, SHG and TPEF with SIMS to achieve a combination of sub-micron
spatial resolution and improved chemical sensitivity relative to RS. We
developed a workflow, summarised in Fig. 1, allowing analysis of the
same (rather than serial) sections of treated skin tissue, thus avoiding
artefacts arising from the normal tissue variability. The utility of this
new correlative imaging approach was demonstrated in the challenging
example of mapping the time course of diclofenac distribution in skin
tissue following topical treatment with a commercial product. This task
requires a high degree of chemical sensitivity to detect the drug at its
therapeutically relevant concentration and in the presence of the
formulation excipients (especially within the dermis and subcutis)
combined with sufficient spatial resolution to resolve the skin structure.
Label-free approaches to quantify topical drug delivery and tissue dis-
tribution have long been preferred to avoid influencing the skin
permeation kinetics of the drug by the presence of a conjugated label
[31]. While it is possible to quantify the diclofenac content in each skin
layer by time-consuming and technically challenging differential
extraction and subsequent quantification [32,33], or by open flow
microperfusion [34], these methodologies cannot evidence the depth
distribution of the drug within the individual tissue layers. This infor-
mation is critical for establishing the excipient-dependent drug trans-
port, partitioning, and retention in different skin layers, information
essential to support the selection of lead formulations during product
development. It is also relevant in the fields of skin toxicology and
personal safety, e.g., for evaluating the impact of hazards like chemicals
pollutants, toxins, occupational irritants or sensitizers, and warfare
agents.

Here, we demonstrate the sub-micron visualisation of the tissue
distribution and the 24-h kinetics of skin reservoir formation of diclo-
fenac in human skin treated in vitro with a commercial topical pain
relief product.

2. Materials and methods
2.1. Skin preparation and dosing

Skin samples were dosed at Charles River Laboratories (CRL),
Edinburgh, UK. Samples of full thickness human abdominal skin were
from three female donors aged 31 to 67 years from Tissue Solutions Ltd.,
Glasgow, UK (obtained according to the legal and ethical requirements
of the country of collection, with ethical approval and anonymous
consent from the donor or nearest relative) [35]. Skin was sourced from
Phototype I and II donors to ensure suitability for optical spectroscopy,
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since very high melanin content requires imaging at significantly
reduced laser powers to prevent otherwise strong absorbance of the light
and damage to the skin. The skin was stored at —20 °C prior to use. Split-
thickness skin was prepared using an electric dermatome (Zimmer Ltd.,
Warsaw, IN, USA) set to a nominal thickness of 400 pm.

The skin was mounted in static Franz diffusion cells (PermeGear Inc.,
Hellertown, PA, USA) having a nominal receptor chamber volume of 5
mL and a nominal skin exposure area of 0.64 cm?. Phosphate buffered
saline containing bovine serum albumin (5%, w/v, as a lipophilic
acceptor, and to maintain physiological conditions) was used as the
receptor fluid to provide sink conditions and facilitate conventional bulk
permeability assessment of the formulations [36]. The receptor fluid
was mixed using a magnetic stirrer bar. The diffusion cells were posi-
tioned in a manifold heated to maintain a skin surface temperature of 32
+ 1 °C. An electrical resistance barrier integrity assessment was per-
formed and skin samples exhibiting resistance lower than 7.7 kQ were
excluded [37].

Voltaren Forte gel, containing 2.32% diclofenac diethylammonium,
and a corresponding placebo gel, were supplied by Haleon CH SARL (the
ingredients are listed in Supplementary Information Table S1). The
formulations were evenly applied to the stratum corneum surface of the
human split-thickness skin membranes using a positive displacement
pipette at 0 h of the time course experiment, at a dose of 20 mg/cm?
corresponding to the maximal recommended daily dose of the product.

Three technical replicates were performed for each of the three
biological donors, resulting in 9 tissue samples per timepoint of the
study, as summarised in Table 1. A full table listing details of each
technical and biological replicate number can be found in the Supple-
mentary Information Table S2.

At 4, 8, 16 and 24 h post skin treatment with the Voltaren gel, the
corresponding Franz diffusion cell experiments were terminated and 9
total samples (i.e., 3 replicates per donor) were acquired. At 24 h post
dose, the 9 skin samples (i.e., controls) exposed to the placebo gel were
obtained. Receptor fluid sampling and chemical analysis were also
performed. Receptor fluid samples (300 pL) were collected only from
samples exposed to the Voltaren formulation and were obtained at 0, 4,
8, 16 and 24 h post dose, and then stored in a freezer at —20 °C. The
removed receptor fluid volume was replenished with fresh buffer for
cells not terminated.

The receptor fluid samples were analysed by liquid chromatography
with tandem mass spectrometry (LC-MS/MS), following a validated
procedure. Specifically, LC-MS/MS was performed with an AB Sciex
mass spectrometer in turbo ion spray negative mode equipped with a
Poroshell EC C-18 column (50 mm x 2.1 mm, 2.7 pm) which was
operated at a flow rate of 500 pL per min. The column temperature was
set to 60°C and the autosampler temperature was 4°C. The injection
volume was 10 pL. A mixed mobile phase was used: mobile phase A
consisted of methanol: formic acid 100:0.5 v/v, and mobile phase B
consisted of water: formic acid 100:0.5 v/v. Indomethacin (Sigma
Aldrich, Gillingham, UK) was used as an internal standard. Initially
35:65 A:B was applied for min 0 to 1.5, followed by 100:0 A:B for the
next 1.5 min, before returning to the 35:65 mixture.

The unexposed skin was cut away from the treated areas, which were
then wrapped in aluminium foil, frozen in a freezer at —80 °C, and then
finally transferred to and stored in a freezer at —20 °C. The skin samples
were transported on dry ice from CRL to the National Physical Labora-
tory (NPL) where they were stored at —80 °C. The skin discs were
sectioned at NPL using a Leica CM 1850 Cryostat (Leica Microsystems,
Wetzlar, Germany) at —20 °C. Sections of 30 pm thickness were thaw-
mounted onto glass coverslips (Fisher Scientific, Loughborough, UK),
lightly dried under argon gas, vacuum packed, and stored at —80 °C
until analysis. Serial 10 pm thick sections were also generated from each
skin sample and used for classical tissue staining with hematoxylin and
eosin (H&E); these sections were prepared in the same manner but were
instead mounted onto SuperFrost slides (Fisher Scientific, Lough-
borough, UK).
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Fig. 1. Method workflow for correlative imaging by optical spectroscopy followed by SIMS. The experimental method workflow comprises skin treatment in a Franz
diffusion cell (receptor solution was analysed by LC-MS), followed by sectioning for spectroscopic imaging. Skin sections were analysed by optical spectroscopy (SRS,
SHG and TPEF) first, followed by ToF-SIMS. The demonstration for locating the same region of interest within the tissue section is presented for sample 4 which has a
hook-shaped protrusion on the dermis side of the tissue section, which was exploited as a convenient marker. The scale bar in the upper SRS-TPEF-SHG image
represents 100 pm. In addition to ToF-SIMS, OrbiSIMS was also used to investigate a low-level background mass-interference. H&E staining was performed on the
same tissue sections post analysis, in addition to serial sections as a back-up. The data workflow section summarises and presents examples of image registration, and
subsequently the generation of overlaid images, including the experimental correlation between optical spectroscopy and ToF-SIMS signals, in addition to validation
against physiological structures revealed by H&E staining, and finally cluster analysis, including average drug concentration by cluster. The images presented in the
data workflow are of sample 23 (16 h Voltaren-treated). Figure created with BioRender.com.
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Table 1
Summary of sample numbers and treatments applied.

Sample numbers Treatment

1-9 4 h with Voltaren gel
10-18 8 h with Voltaren gel
19-27 16 h with Voltaren gel
28-36 24 h with Voltaren gel
37-45 24 h with placebo gel

Veal brain homogenate was used as a quality control (QC) for sec-
ondary ion mass spectrometry optimisation. The homogenate was
sectioned at a thickness of 30 pm, dried as above, mounted onto glass
coverslips, and stored at —80 °C until analysis.

Feasibility studies confirmed that analysis by optical spectroscopy
and ToF-SIMS was possible in either order, but each offered some ad-
vantages and disadvantages. Optical spectroscopy was carried out at
ambient pressure, whereas ToF-SIMS was performed in ultra-high vac-
uum, and preliminary experiments showed some deformation of the
tissue structure due to dehydration of the sample under vacuum. When
ToF-SIMS was performed first, the samples were fully dehydrated due to
the high vacuum, which made image registration with the optical
spectroscopy easier due to less deformation. However, the extreme
dehydration resulted in some tissue sections lifting from their glass
substrates, which negatively impacted on the optical spectroscopy ex-
periments. Therefore, in this study, non-destructive optical spectroscopy
was performed first, followed by ToF-SIMS. The skin and QC samples
were desiccated for 30 min under vacuum to remove residual moisture
(preventing condensation from forming on the sample surface when
warmed to ambient temperature) and to partially dehydrate the sample
prior to optical imaging. This step was important to minimise any dif-
ference in hydration and, thereby avoid, deformation between the op-
tical spectroscopy and SIMS images acquired under ambient and high
vacuum conditions, respectively. This step considerably aided the image
registration of the data sets, without risking tissue lifting due to exces-
sive dehydration.

2.2. H&E staining

The H&E staining procedure was based upon the manufacturer's
protocol (Shandon Staining Guidance, Thermo Scientific, Lough-
borough, UK). Slides containing 10-pm-thick serial sections of skin
samples were brought to room temperature under ambient conditions
and then fixed in 10% neutral buffered formalin (Sigma Aldrich, Gil-
lingham, UK) for 10 min before they were stained. The full H&E staining
protocol is detailed in the Supplementary Information. After clearing,
Organo/Limonene Mount (Sigma Aldrich, Gillingham, UK) and glass
coverslips were applied to each section in accordance with the manu-
facturer's protocol. Brightfield optical images of H&E-stained sections
were acquired at 10 x magnification using a Zeiss Axio Imager M2 (Zeiss,
Cambridge, UK).

2.3. Optical spectroscopy

SRS, SHG and TPEF microscopy images were acquired on a Leica SP8
laser scanning microscope (Leica Microsystems, Wetzlar, Germany)
coupled to a PicoEmerald-S laser system. The PicoEmerald-S generates
two pulsed 2 ps laser beams: a 1031.2 nm Stokes beam which was
spatially and temporally overlapped with a tuneable pump beam. The
Stokes beam was modulated at 20 MHz and stimulated Raman loss
signals were detected using a silicon-based detector and lock-in ampli-
fier (UHFLI, Zurich instruments, Zurich, Switzerland). A second channel
was utilised to measure second harmonic and emitted fluorescence
signals using a photomultiplier tube. Images were acquired with a water
immersion 40x magnification lens (1.1 NA, Leica) used in conjunction
with a short working distance air condenser lens (0.9 NA, Leica).
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Samples were imaged without a top coverslip, to reduce the risk of
disturbing the tissue during removal for subsequent SIMS analysis. The
laser power was set to 30% which corresponds to approximately 10 mW
for the pump beam and 30 mW for the Stokes beam at the sample.

Detector gain settings were consistently applied across the study
with the SRS detector and SHG/fluorescence detectors set to 20 V and
1000 V, respectively, for the C—H stretching regions (2650 cm ™!, 2850
cm ™! and 2945 ecm ™! for the off-resonance control, CHy stretching, and
CH3 stretching, respectively) and 45 V and 490 V, respectively, for
wavenumbers in the fingerprint region (1530 cm™}, 1586 cm ' and
1666 cm~! for the off-resonance control, C=C, and Amide I,
respectively).

Large area mosaic tile scanning was performed using LAS-X ‘Navi-
gator’ during which 512 x 512 pixel images were acquired for each tile
at X1 zoom with an imaging speed of 400 Hz. For the whole skin section
overviews, a line average of 1 was used, whereas for the regions of in-
terest (Rols), line-averaging of 6 was adopted. The resulting image tiles
corresponded to areas of 290 pm x 290 pm and were stitched together
using the ‘mosaic merge’ function in the Leica LAS-X software.

Further image processing steps were performed using ImageJ soft-
ware (U. S. National Institutes of Health, Bethesda, Maryland, USA,
version 1.52a). Where indicated in the text, off-resonance (spurious) SRS
signal contributions were subtracted from their on-resonance counter-
parts in a pixel-by-pixel manner using the ‘Image calculator’ plugin.
Composite SRS-SHG-TPEF images were generated using the ‘colour
merge’ plugin. In addition to the use of consistent instrument and image
acquisition parameters, image processing steps have also been consis-
tently applied where signal intensity needed to be directly comparable
(e.g., comparison of drug-treated versus placebo-treated tissue signals,
or comparison of on- versus off-resonance SRS images).

2.4. Secondary ion mass spectrometry (SIMS)

ToF-SIMS (ToF SIMS 5, IONTOF GmbH, (Muenster, Germany) was
performed using a 30 keV Bi3 primary ion beam with a current of 0.2 pA.
All acquisitions were conducted in negative ion polarity, with a 100 ms
duty cycle time, a mass range of m/z 0-900, and a beam diameter of 5
pm. A 20 eV electron flood gun at 5 pA was used for charge compen-
sation. SIMS images were acquired immediately following optical
spectroscopy acquisition. An overview image was first acquired using
the stage macro raster mode to map the entire tissue section with a field
of view of 2.5 mm to 3.0 mm x 8.5 mm to 9.0 mm depending on the
tissue dimensions. The overview image was formed from a mosaic of
smaller images each with a field of view of 0.5 mm x 0.5 mm (256 x 256
pixels) with 1 ion beam shot per pixel giving an ion dose of 8.18 x 10°
ions/cm?. Images for specific Rols were acquired using a similar
approach with a field of view of 1.0 mm x 0.5 mm; 4 shots/pixel/frame
and 10 frames per patch, corresponding to an ion dose of 1.31 x 10*!
ions/cm?. For quality control, tissue homogenate samples were analysed
immediately prior and after analysis of each skin section. A field of view
of 0.5 mm x 0.5 mm (256 x 256 pixels) was selected with 1 shot per
pixel and 1 frame per scan for a total of 15 scans, for which the ion dose
density was 3.27 x 10'* mbar. The resulting mass spectra were cali-
brated after the acquisition using H™, C™, C3 and Cs. Surface Lab 7.1
software was used for the data acquisition and extraction.

High mass resolution analysis was performed using an OrbiSIMS
instrument (HybridSIMS, IONTOF GmbH, Muenster, Germany) equip-
ped with an Orbitrap mass spectrometer (Q Exactive HF, Thermo Fisher,
Germany). Negative polarity ion mass spectra were acquired with a 20
keV argon gas cluster (Ardooo) at 20 pm and primary ion beam current of
20.00 pA at 47.73% duty cycle with a 200 ps cycle time. A mass-
resolving power of 240,000 was selected with an injection time of
508 ms, collisional cooling was set in low pressure mode at 4.5 x 1072
mbar, target potential was adjusted and set at —215 V. The mass range
for all the OrbiSIMS acquisition was set at m/z 80-1200. Mass calibra-
tion of the Q Exactive HF instrument was performed on the day of
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analysis using silver cluster secondary ions. The field of view was 250
pm x 250 pm (100 x 100 pixels). The ion beam used a sawtooth raster
pattern, and 50 scans were acquired per mass spectrum. Based on the
drug detection, specific areas were selected for high mass resolution
imaging using the OrbiSIMS with a beam spot size of ~3 pm. Images
were generated by performing a tile mosaic to cover a field of view of
1.5mm x 0.5 mm (300 x 100 pixels). The same raster pattern was used
but only 1 scan per pixel was acquired. For all acquisitions, a 20 eV
electron flood gun with a current of —10 pA was used to compensate for
sample charging; this was complemented by Ar gas flooding at a pres-
sure of 7.7 x 10~/ mbar. Data acquisition was controlled using Surface
Lab software version 7.2.125120.

2.5. Approach used to identify same area for correlative imaging

Fig. 1 illustrates the approach used for locating the same Rol for
optical spectroscopy followed by ToF-SIMS. First, an SRS large-area tile
scan was performed at 2850 cm™! to reveal the lipid distribution and
identify, in particular, the strong signals originating from the stratum
corneum; in parallel, second harmonic generation contrast (recorded in
a separate channel) revealed the collagen distribution. From the
resulting composite image, a Rol was chosen based on the following
requirements: (i) it was centrally located, i.e., not within the outer 20%
of the sample perimeter that could potentially contain residual un-dosed
skin (i.e., the clamped part of the tissue in the Franz cell apparatus); (ii)
it was flat enough to be probed within the same optical depth plane; and
(iii) it contained a clear structural feature that would aid identification
when the sample was transferred to the SIMS setup. For example, in
Fig. 1, a ‘hook’-shaped protrusion on the dermis side of the section
within the selected Rol can be observed in both the optical and ToF-SIMS
images. After the Rol was selected using optical spectroscopy, images
were obtained from the Rol for all the wavelengths and contrasts
described previously. At completion, the sample was removed from the
optical microscope and transferred for immediate ToF-SIMS analysis. A
similar whole-section image overview was first acquired using SIMS at
lower resolution to identify the Rol selected and imaged by optical
spectroscopy. This identification was initially performed using visual
features, and was then confirmed by calculating the percentage of the
Rol distance along the length of the section, compared to the optical
spectroscopy image. Once the Rol position had been confirmed, higher
resolution SIMS analysis was then performed within the Rol zone ac-
quired using optical spectroscopy, as indicated by the red box within the
optical spectroscopy Rol in Fig. 1.

2.6. Image registration & data analysis

Images from SIMS and optical spectroscopy were first reduced to 3
dimensions each using non-negative matrix factorisation [38], to visu-
alise as red, green and blue colour channels as this provides clear
identification of different anatomies for the purpose of finding matching
features for registration [39,40]. Reduction of the H&E images was not
necessary as they were already captured as RGB images. Matching fea-
tures were then selected using the Matlab control point selection tool
“cpselect” (Matlab, Mathworks, 2019b and Image Processing Toolbox),
and registration performed using the “cp2tform” and “imtransform”
functions using an affine transformation, with the SIMS data used as the
fixed images and optical spectroscopy data as the moving images. Ex-
amples of registration are shown in Supplementary Information Fig. S1.

ToF-SIMS data for the diclofenac ion images were first normalised to
homogenate data collected prior to and after each image acquisition.
The average total ion count of the two homogenate datasets (prior and
after) was extracted for each matched skin tissue, and the diclofenac
intensities in each skin image were divided by this corresponding value.
This procedure was performed to account for any changes in instrument
response that might occur over the duration of the study, and the data
are presented in Supplementary Information Table S4.
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Following registration, overlays of the optical spectroscopy and SIMS
data were created by setting the respective images as red (SRS image for
CHy), green (SHG image for collagen) and blue (SIMS image for diclo-
fenac, comprising signals of several different ions at m/z 214.04, 216.04,
250.02, 252.02, 294.01 and 296.01) channels of an RGB image. A table
of the different ions and their assignment is detailed in Supplementary
Information Table S5. Overlays of the H&E staining were created by
reducing the intensity of the H&E image by a factor of two and adding
the corresponding SIMS or optical spectroscopy image to the green
channel. This approach was chosen because the H&E images are pri-
marily pink/purple and thus contain high blue and red intensity but
little green; the approach therefore achieves the best contrast and pre-
serves maximum information in both modalities. Clustering was then
performed on the registered optical spectroscopy data to differentiate
the morphological features of the skin using k-means clustering (k = 3,
cosine distance) with the Matlab “kmeans” function (Matlab, Math-
works, 2019b and Statistics Toolbox), and the drug ion intensity from
the SIMS data was extracted for each cluster. This was then displayed as
a boxplot using the Matlab “boxplot” function (Matlab, Mathworks,
2019b and Statistics Toolbox).

Principal component analysis (PCA) was performed on ToF-SIMS
data using the Matlab-based application simsMVA (MatLab version
9.8.0.1396136 (R2020a) Update 3 and simsMVA May 2023 version)
[41]. The selected treated vs. placebo data sets were integrated into one
file, to allow direct comparison and discrimination between the two
samples. Poisson scaling was applied to the data and the spectra were
mean centred as a pre-processing step. PCA was performed on the mass
range m/z 127 to 500 using 64 principal components. The first 6 prin-
cipal components were selected for analysis. The resulting PCA images
were normalised to the overall maximum.

3. Results
3.1. Mapping the skin morphology using optical spectroscopy

SRS microscopy was performed at a range of Raman shifts: 2945
em ™! for CHs stretching; 2850 em ! for CHy stretching; 1666 em ™! for
Amide I; and 1586 c¢m ! for C=C (diclofenac and endogenous species).
Two off-resonance controls were acquired at 1530 cm ™! and 2650 cm™?
for the fingerprint and C—H stretching regions, respectively, to account
for differences in detector sensitivity across the wavelength range used
[8]. To complement the SRS microscopy, label-free visualisation of the
connective tissues was achieved using SHG for collagen and TPEF for
elastin. The SHG and TPEF were acquired simultaneously with the SRS
imaging in separate channels. Fig. 2 displays an example of label-free
images of skin tissue structure obtained by combining SRS with SHG
and TPEF microscopies.

To complement the discrete wavenumbers chosen for the imaging,
SRS spectra were also acquired for one Voltaren-treated and one
placebo-treated sample (Supplementary information, Fig. S2). Although
the doublet C=C Raman peaks centred around 1600 cm™! corre-
sponding to the presence of diclofenac (in treated skin) could be
detected in the epidermis, the signal-to-noise ratio was below the limit of
detection within the dermal layers of the skin, which motivated the
correlative SIMS analysis.

3.2. Mapping the drug distribution within the tissue using SIMS

Diclofenac was observed as a deprotonated ion and its corresponding
37Cl isotope. ToF-SIMS mass spectra of the placebo- vs. Voltaren gel-
treated tissue are presented in Fig. 3 panel a. Panel b shows ToF-SIMS
ion images of Voltaren gel-treated tissue; and signals corresponding to
the diclofenac ions can be seen most strongly in the epidermis (left hand
edge of the tissue as presented). As can be seen in Fig. 3 panel c, some
signals (albeit at a lower intensity) were observed in the placebo-treated
sample for the image corresponding to [°°CIM-H]~, suggestive of a
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CH, stretching (2850 cm'?)
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Off-resonance control (2650 cm™)

Fig. 2. Optical spectroscopy images for different tissue components. The images presented are of Sample 11 (donor B, Voltaren-treated 8-h timepoint). Panels a) to d)
show SRS contrast for CH,, CH3, amide I and an off-resonance control respectively. Panels e) and f) show the distribution of collagen from SHG, and elastin from
TPEF, respectively. Panel g) presents a composite false-colour image prepared by merging the TPEF signals for elastin in green, SHG for collagen in blue, and SRS
signals corresponding to the CH; stretching contrast in magenta (the minor off-resonance spurious signal contribution visible in the corresponding image have been
subtracted from the CH, image using the ‘image calculator’ plugin in ImageJ prior to generating the composite image).

potential background mass interference. This minor contribution is
apparent in the spectrum presented in panel a, which shows a relatively
low intensity background signal in the placebo-treated sample at the
same m/z as the diclofenac signal (highlighted by the blue dashed
rectangles). This was further investigated using high mass-resolution
OrbiSIMS [14]. Since Orbitrap MS imaging is considerably more time-
intensive than ToF-MS imaging, only one representative product-
treated sample and its corresponding placebo-treated sample were
selected for an in-depth analysis. A high mass resolution image was
acquired from an area where diclofenac was observed: the OrbiSIMS
spectrum presented in panel d confirmed with high confidence that most
of the signal detected by ToF-SIMS is from diclofenac, and that a minor
mass interference was responsible for the weak signals present at the
drug ion m/z in the placebo-treated samples. The corresponding Orbi-
SIMS images are presented in Supplementary Information Figs. S3-5.
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3.3. Application of the new correlative approach to follow the time course
of drug tissue distribution after topical application

Although SIMS was demonstrably more sensitive than optical spec-
troscopy for the detection of diclofenac in the deeper skin layers, visu-
alisation of structural features of the skin was clearer with optical
spectroscopy. We therefore applied both techniques to the same tissue
samples to obtain both sets of information in a correlative manner. It
should be noted that since the optical spectroscopy images were ac-
quired using an inverted microscope, the bottom face of the tissue sec-
tion (i.e., the one in contact with the glass substrate) was imaged with
optical spectroscopy, whereas the top face (i.e., the one at the tissue-air
interface) was analysed with SIMS. Therefore, some small structural
discrepancies may be expected due to the section thickness being greater
than the probe depth of the techniques. The images from SRS and ToF-



N.A. Belsey et al.

b

a
666 —— Placebo 24h ToF-SIMS
71 [— Voltaren gel 24h 400
£ 4801 Diclofenac [*CIM-H]  Diclofenac ['CIM-H] 200
= m/z 293.98 m/z 296.04
S 360 0
~— um
>
G 240 ‘
g 400
T 120
- 200
0
293 294 295 296 297 298 0
d m/z um
—Voltaren gel 24h OrbiSIMS 400
3.0x10°
Diclofenac[**CIM-H] 200
2.4x10%{ m/z 294.0095
| Diclofenac[*’CIM-H] °
> m/z 296.00666
£'1.8x10°1 o
5 m/z 295.85168
£ 1.2x10°1 m/z 296.84869
m/z 294.85186 400
5
6.0x10 / e
0.0 l | i al . o
294 295 296 297 298 um
m/z

0

Journal of Controlled Release 364 (2023) 79-89

Voltaren gel 24h C Placebo 24
i - 102
b a0 2
1
£ 0
25 500 250 500 750
Total lon Image %%L;gr}(l:n:;agge -
MC: 5499; TC: 1.029e+08 102 102
2 2
1 1
0 0
0 250 500 i O 250 500 750 1000
m/z 26.00 [CN] UM m/z 26.00 [CN]
MC: 321; TC: 3.942e+06 MC: 320, TC: 2.941e+06
6 L 6
400
4 4
2 200 2
0 o — 0
250 500 750 . 0 250 500 750 1000
m/z 294.04 [*SCIM-H]' UM m/z 294.04 [**CIM-H]
MC:  6;TC: 2.329e+04 MC:  6;TC: 4.147e+03
6 _— 6
400
4 4
g 200 2
= 0 © 0

m/z 296.04 [F'CIM-H]
MC:

50 1000

S Ginc e T um om/z 233904 [3753?M-H]-7
6, TC: 1.393e+04 MC: 6;TC: 1.959e+03

Fig. 3. ToF-SIMS analysis of Voltaren vs. placebo-treated tissue. Panel a shows the ToF-SIMS mass spectra of Voltaren vs. placebo-treated tissue. Panels b and ¢ show
the total ion images, [CN]~ (corresponding to the CN-containing species from the tissue section) and diclofenac signals as signature ion [>*>CIM-H]~ and [*’CIM-H]~
for the Voltaren vs. placebo-treated skin samples respectively. Panel d shows a high mass resolution OrbiSIMS spectrum confirming the mass interference. The data
presented correspond to samples 32 (24-h Voltaren-treated) and 41 (24-h placebo-treated).

SIMS were registered to the H&E images and overlays were created to
show how the features detected in SRS align to the morphological
structures in the skin. Examples are shown in the Supplementary In-
formation Fig. S6. All 45 tissue sections (generated by treating excised
human skin in vitro with Voltaren or the corresponding placebo
formulation during 4, 8, 16, or 24 h as summarised in Table 1 were
analysed, and the data sets registered.

Fig. 4 shows the combined registered and merged optical
spectroscopy-SIMS images, in which the summed drug intensity signal
(from ToF-SIMS measurements) is shown in blue, the lipid-rich tissue
structures, in particular the stratum corneum (identified by CHj
stretching contrast at 2850 cm ! using SRS), are shown in red, and the
collagen-rich tissue regions (identified by SHG signals) are shown in
green. The diclofenac signal from SIMS (blue) comprises signals of
several different ions at m/z 214.04, 216.04, 250.02, 252.02, 294.01
and 296.01. This approach provided the best sensitivity and exploited
the chlorine isotopes as a confirmatory signal. The SIMS images and
further information on these ions can be found in the Supplementary
Information (Fig. S7). Note that in Fig. 4, some blue signals are also
visible in the placebo-treated tissue sections (far left-hand column).
These signals are due to the mass interference discussed previously and
confirmed using OrbiSIMS.

As expected, we observed high inter- and intra-donor variability in
both the magnitude and the time course of formation of the skin reser-
voir of diclofenac, reflecting the normal biological variability of the skin
barrier [42]. Not surprisingly, the amounts of drug that had permeated
through the skin were also highly variable (Supplementary Information
Table S3) and did not correlate well with the magnitude of the skin
reservoir: R? (the coefficient of determination) for the average SIMS
intensity per tissue vs. the cumulative absorption ranged from 0.03 for 4-
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h treatment up to 0.32 for 24-h treated skin. This result confirms earlier
observations that the two parameters are governed by different factors
[43]. While direct analysis of the drug remaining in the skin tissue itself
can be performed by tissue extraction and quantification with chemical
analysis techniques such as LC-MS/MS, direct spectroscopic imaging
such as that presented here provides important advances in spatial
information.

Subsequently, the registered optical spectroscopy data from the
replicate sets from each donor were clustered using k-means clustering
[44] (k = 3, cosine distance metric) and the ToF-SIMS drug ion in-
tensities were extracted from regions of interest defined by each cluster.
Fig. 5 shows a representative example (data from donor B, replicate set
2). The skin morphology can be readily differentiated from clustering
performed on the optical spectroscopy data, evidencing the power of our
untargeted approach to differentiate the skin layers in a manner more
advanced than is possible with traditional histological imaging by H&E
staining. Analysis of the relative drug intensities across tissue layers
clearly revealed a cluster (shown in green in Fig. 5 panel a) in the optical
spectroscopy data that coincides primarily with the epidermis in both
the Voltaren- and placebo-treated samples. The intensity of all clusters
in the product-treated samples collected after longer exposures (16- and
24-h dosing) was higher compared to those at a shorter time (e.g., 4-h),
and all were greater than those from the placebo-treated sample for 24 h.
Increasing the treatment duration led to a significant increase of the
drug amounts retained in the epidermis; after 16-24 h, the drug also was
detected in the deep dermis. The intensity of the clusters in the 8-h
sample appeared higher than expected (relative to the 16- and 24-h
samples); however, in addition to variability between skin samples,
this may be explained by this sample being thinner than for the others
presented. Since less drug is present in the deeper layers, the average
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Fig. 4. Overlaid spectroscopic images of the 45 human skin tissue samples. Registered and merged SRS-SHG-SIMS images comprising the lipid distribution from SRS
contrast for CHy stretching in red, collagen from SHG microscopy in green, and the diclofenac-related signal from SIMS in blue. All images are oriented to display the
stratum corneum on the left-hand side. The scale bar (100 pm) for the images is indicated on sample number 45.
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Fig. 5. Clustering approach to differentiate the skin layers. Panel a: Clustering images on the registered optical spectroscopy data. Panel b: the corresponding ToF-
SIMS drug ion intensities for the Rol defined by each cluster in the optical images displayed as boxplots (colour scheme matches the clustering in panel a); where the
central red line represents the median, the top and bottom of the box represents the 75% and 25% confidence levels respectively, the whiskers represent the range of
the 99% confidence level, and any additional points plotted are data points outside those limits. Panel c: corresponding H&E images for the clustering images
presented in panel a, with dotted boxes indicating the region of interest analysed. Left to right: skin sections from donor B: 41 (placebo); 5 (4 h); 14 (8 h); 23 (16 h)
and 32 (24 h). All images are oriented to display the stratum corneum along the left-hand side of the section.
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intensities for the clusters were higher in this thinner piece of skin.

In addition to measuring the penetration of drug into the skin over
the time course investigated, there is also a wealth of information in
these data regarding endogenous molecules which may localise to spe-
cific anatomical regions of the skin or may be co-located with diclofenac.
Multivariate analysis can be used to investigate the interactions between
all the peaks present within the data in an unsupervised manner. To
demonstrate this, PCA was performed on the ToF-SIMS data sets to
identify ions that most strongly correlate with the drug distribution. The
results are presented in Supplementary Information Fig. S8. PC 1
distinguished the tissue from the substrate (variance 25.55%), PC 2
predominantly distinguished the epidermis from the dermis (variance
7.59%). PC 3 and PC 4 showed selectivity for the drug distribution (the
parent ion, and several fragments), with a variance of 6.57% and 5.19%
respectively). The drug distribution was correlated with cholesterol
sulfate at m/z 465.30, and several other fragments which were pre-
dominantly phosphate-based. These species ranged from m/z 127.95 to
180.91 and putatively assigned as [HyP204]7; [P2O0sHo]™ and
[NaP30g] . It should be noted that this analysis will be biased by the
relative strength of detection by SIMS, and thus may not reflect the
concentrations present.

4. Discussion

This study demonstrates the analytical possibilities of a new,
correlative combination of non-linear optical spectroscopic and mass
spectrometric imaging. The main advantages of the approach are the
considerably higher sensitivity for drug detection (compared to Raman
spectroscopy) together with higher (i.e., sub-micron) spatial resolution,
and a greater degree of structural information; for example, the con-
nective tissues visualised using SHG and TPEF, compared to previously
reported correlative RS-MS studies.

While it has been previously shown that SIMS alone can differentiate
the skin layers [25], the correlative use of SRS and SHG offers several
advantages. Obtaining a detailed optical image of the tissue prior to
SIMS analysis permits the fast identification of regions where the stra-
tum corneum or epidermis is missing, folded over, or defective, which
saves repetition of time-intensive measurements. SRS can also identify
any drug crystallisation and its phase, which is not possible by SIMS.
Similarly, non-destructive multiphoton methods are also able to report
on oxidative stress [45], which may be beneficial information for certain
formulations/applications. Since these optical methods are performed in
ambient conditions, unlike SIMS, they can more easily preserve features
or chemistries that are sensitive to high vacuum, e.g., volatile compo-
nents and delicate structures.

Technical challenges identified included mass interference from
endogenous species in the tissue, and topographically induced artefacts
in non-flat samples, which was overcome by selecting regions that were
well adhered to the substrate and optimal for analysis by both tech-
niques. Additional challenges that may be relevant to the application of
this methodology to other sample types include orientation issues, e.g.,
polarization-dependent Raman signals, and for tissue types with less
clearly identifiable features, the use of fiducial markers may be neces-
sary to locate the same Rol.

Future opportunities to advance this approach include data fusion
[46], automated image correlation [47], and 3D correlative analysis
(since both SIMS and optical spectroscopy can be performed in 3D by
sputtering and optical sectioning, respectively) [48]. Correlative anal-
ysis between optical spectroscopy and SIMS may also be important to
better understand each respective technique; for example, to explain
signal non-linearity with concentration, or to study artefacts. However,
care is required when interpreting the two datasets, since the techniques
probe different information depths: the depth resolution of SIMS is
significantly smaller (typically a few nm) compared to that of SRS mi-
croscopy which is approximately 1 pm. Both techniques can acquire 3D
data sets, however SIMS is limited by the practicality of time and
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topography artefacts when sputtering away incremental layers of ma-
terial. The optical spectroscopy methods are limited to probing a few
tens to a few hundred microns into the skin, due to increasing signal loss
with depth, caused by scattering and absorption of light by the tissue.
Another potential application of the correlative approach would be the
use of optical spectroscopy to screen large tissue sections rapidly for
more detailed, subsequent investigation of smaller Rols by SIMS, which
is more time intensive. Further, while SIMS can only be performed in
vitro, the rich information it provides can nevertheless offer important
insight into complex Raman signals and better inform, therefore, the in
vivo application of RS and SRS microscopy.

5. Conclusion

In conclusion, this study has successfully applied correlative meth-
odology to human skin samples treated in vitro with a commercial
topical product to visualise drug reservoir formation with unprece-
dented spatial resolution and chemical sensitivity. The data demon-
strated that initially (4-8 h post-treatment), the drug reservoir built up
primarily in the epidermis; later (16-24 h post-treatment), it expanded
considerably in size and into the deep dermis. In line with the highly
variable skin permeation of diclofenac, the reservoir displayed large
inter- and intra-donor variability. In the field of topical pharmaceutical
product development, therefore, this approach has the potential to
identify lead candidates capable of creating significant drug reservoirs in
the skin and thereby ensuring prolonged therapeutic action; of course,
the technique can also address the reverse question of drug clearance, i.
e., the time course of reservoir depletion. In addition, this new correl-
ative method is applicable to other soft tissues (originating from in vitro
or clinical studies) including, but not limited to, oral epithelia, gut
mucosa, or muscle, and for biodistribution studies in which a sufficiently
sensitive method is needed to follow drugs or harmful chemicals to their
site of intended therapeutic action or toxicity.
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