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ARTICLE INFO ABSTRACT

Keywords: Two of the most promising techniques in terms of ex vivo skin imaging and quantifying are confocal Raman
MALDI-MSI microscopy and MALDI-TOF mass spectrometry imaging (MALDI-TOF MSI). Both techniques were set up, and the
Confocal Raman semiquantitative skin biodistribution of previously developed dexamethasone (DEX) loaded lipomers was
stllzgoparticle compared using Benzalkonium chloride (BAK) as a tracer of the nanoparticles. In MALDI-TOF MSI, DEX was
Semiquantitative derivatised with GirT (DEX-GirT) and the semiquantitative biodistribution of both DEX-GirT and BAK was
Biodistribution successfully obtained. The amount of DEX measured by confocal Raman microscopy was higher than that

measured by MALDI-TOF MSI, but MALDI-TOF MSI proved to be a more suitable technique for tracing BAK. An
absorption-promoting tendency of DEX loaded in lipomers versus a free-DEX solution was observed in confocal
Raman microscopy. The higher spatial resolution of confocal Raman microscopy (350 nm) with respect to
MALDI-TOF MSI (50 pm) allowed to observe specific skin structures like hair follicles. Nevertheless, the faster
sampling rate of MALDI-TOF-MSI, permitted the analysis of larger tissue regions. In conclusion, both techniques
allowed to simultaneously analyze semiquantitative data together with qualitative images of biodistribution,
which is a very helpful tool when designing nanoparticles that accumulate in specific anatomical regions.

1. Introduction nanoparticles have not yet been fully understood. There are different
techniques such as fluorescence confocal microscopy or immunohisto-

Transdermal drug delivery systems are an interesting alternative for fluorescence that allow obtaining qualitative images of the bio-

many molecules that are currently administered orally or parenterally
(Guy, 2010). Specifically, the vectorization in nanoparticles capable of
crossing the stratum corneum and accumulating in skin appendages is a
strategy currently used in both the pharmaceutical and cosmetic in-
dustries (Raj et al., 2012).

The mechanisms undergone by encapsulated active ingredients and

distribution of drugs or fluorophores. However, to determine the
amount of drug accumulated in the different layers and regions of the
skin is still one of the major obstacles that researchers encounter when
developing topical drugs.

It is also possible to quantify the non-permeated active ingredient by
separation of the skin layers, extraction, and high-performance liquid
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chromatography (HPLC) analysis. Due to the complexity of this tech-
nique, only an approximation to the amount of drug penetrated in each
layer is achievable, but it is not possible to observe the cutaneous bio-
distribution of the active ingredient.

Regulatory authorities are becoming increasingly stringent in
studying the biodistribution of topical active ingredients, whether for
bioequivalence studies, for safety reasons and/or to demonstrate the
efficacy of formulations. Thus, advanced analytical techniques that
allow selective detection and quantification are needed by the scientific
community.

Recently, two reviews have been published on techniques for ex vivo
imaging and quantification of drug delivery in the skin (Grégoire et al.,
2020; Pena et al., 2020). Many of the techniques currently used to
analyse the biodistribution of drug treatments require the use of mo-
lecular labelling (e.g., fluorescent, or radioactive). Among the label free
techniques, confocal Raman microscopy and Matrix Assisted Laser
Desorption Ionisation - Time Of Flight Mass Spectrometry Imaging
(MALDI-TOF MSI) are two of the techniques with the greatest potential
for biomedical analysis of biological tissues(Franzen et al., 2013).

Confocal Raman microscopy is a non-invasive technique with high
spatial molecular resolution, up to hundreds of nanometers (Austin
et al., 2016; R.J. Silbey, 1995). It is commonly used to study the bio-
distribution of different compounds within formulations and in different
biological tissues. However, the Raman scattering signal is usually weak,
requires long acquisition times and can be interfered by tissue auto-
fluorescence. Even so, devices have also been developed to quantify both
skin intrinsic molecules and the penetration of different pharmaceutical
ingredients in a non-invasive way by in vivo confocal Raman (Caspers
et al., 2003, 2001).

The first application of MALDI-TOF for skin imaging was performed
in 2004 (Bunch et al., 2004). MALDI-TOF MSI allows the analysis of
multiple molecules in biological tissues deciphering their spatial bio-
distribution. Nevertheless, ionically inert or small molecules are difficult
to detect by MALDI-TOF. One approach to improve detection sensitivity
is to chemically derivatise the molecules of interest and, (Gao et al.,
2019; Hong and Wang, 2007; Zhang et al., 2020) in recent years, on-
tissue chemical derivatization (OTCD) methods based on the deposi-
tion of the derivatization reagents onto the tissue have been developed
to improve the MALDI-TOF MSI sensitivity of several molecules like
fatty acids, phospholipids, amino acids, steroids etc. (Duenas et al.,
2019; Takeo et al., 2019; Wang et al., 2019; Wu et al., 2016). Although
in the past this technique was used to analyse in a qualitative manner
(Fitzgerald et al., 1993), the possibility to analyse quantitatively the
biodistribution of different molecules has gained interest (Handler et al.,
2021). Withal, MSI techniques are generally performed ex vivo.

Corticosteroids are one of the most frequently used therapies to treat
inflammatory skin diseases. Dexamethasone (DEX) is a corticosteroid
commonly used topically to treat diseases such as atopic dermatitis
(Yamamoto et al., 2017), ocular inflammation (Saraiya and Goldstein,
2011), and alopecia areata (Leyden and Kligman, 1972). To permeate
DEX into skin, different absorption promoters have been used, such as
ethanol (at a concentration of 70%) (Yamamoto et al., 2017). Due to the
potential adverse effects of ethanol, such as skin irritation or contact
dermatitis (Lachenmeier, 2008), structure alteration of the stratum
corneum (Kwak et al., 2012) and modification of the skin microbiota
(Mcdonnell et al., 1999), it is advisable to minimise its use in topical
formulations.

Polymer-lipid hybrid nanoparticles (lipomers) are drug delivery
systems with a high loading capacity that could improve the efficacy of
DEX in the treatment of diseases occurring in the pilosebaceous unit (i.
e., alopecia areata). In previous studies from our group, lipomers were
formulated with benzalkonium chloride (BAK) to provide cationic
charge and stabilise these nanoparticles against aggregation. Optimised
lipomers containing DEX (DEX-lipomers) were physicochemically
characterised and their ex vivo cutaneous biodistribution in pig skin was
qualitatively revealed by confocal fluorescence microscopy and
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immunohistofluorescence, (Pena-Rodriguez et al., 2021).

The aim of the current research was to go further and studying in a
semiquantitative manner the ex vivo biodistribution and penetration of
topically administered DEX and BAK on human scalp, both in (Pena-
Rodriguez et al., 2021) DEX loaded lipomers and as a free-DEX solution.
Confocal Raman microscopy and MALDI-TOF MSI application are
compared to that purpose.

2. Materials and methods
2.1. Materials

Ethyl cellulose (EC) (Ashland Industries Europe GmbH, Rheinweg,
Switzerland), medium-chain triglycerides (MCT) (Oxi-Med Expres S.A.,
Barcelona, Spain); Tween 80 and Span 60 (Croda Iberica S.A., Barcelona,
Spain), and BAK with a relative abundance of the C;2 and C;4 homo-
logues of 65.6:35.4 (Sigma Aldrich, St. Louis, MO, USA,) were used to
produce the lipomers. DEX (Fagron Ibérica, Barcelona, Spain) was the
active pharmaceutical ingredient, and the selected solvents were ethyl
acetate (Scharlab S.L., Barcelona, Spain), ethanol absolute (Scharlab),
and milli-Q water (In-house). The reagents a-Cyano-4-hydroxycinnamic
acid (CHCA), Girards’ reagent T (GirT), hematoxylin, eosin, acetic acid,
xylene, Canada balsam and phosphate buffer saline (PBS) were pur-
chased from Sigma Aldrich. Trifluoroacetic acid (TFA), acetonitrile and
optimal cutting temperature compound (OCT) (Fisher Scientific, Wal-
tham, USA) were used during the sampling and cryo-sections obtention.
Methanol (Honeywell Riedel-de Haén, Seelze, Germany) was used dur-
ing the MALDI-TOF MSI solutions preparation.

2.2. DEX- lipomers manufacturing and physicochemical characterization

The encapsulation of DEX in EC and MCT lipomers was performed by
the emulsion solvent evaporation method previously described (Pena-
Rodriguez et al., 2021). Briefly, the EC (2.33 % w/w), MCT (0.20 % w/
w), DEX (1.00 % w/w), and the surfactant Span 60 (0.16 % w/w) were
dissolved in a 15 % w/w organic phase composed of an ethanol: ethyl
acetate (1:5) mixture. In parallel, an aqueous phase with Tween 80 (1.50
% w/w), BAK (0.20 % w/w) and milli-Q water (q.s. 100 % w/w) was
prepared. Both phases were mixed and emulsified using an UP400st
sonicator (Hielscher Ultrasonics, Teltow, Germany) at an amplitude of
40 % for 5 min. Finally, the organic solvent was evaporated under
vacuum on a Biichi RII rotary evaporator (BUCHI Ibérica, S.L.U., Bar-
celona, Spain) at 40 °C for 5 min. Free-DEX solution (1 % w/w) was
prepared in a hydroethanolic solution (90:10 w/w, milli Q water:
ethanol).

The lipomers obtained were analysed by dynamic light scattering
(Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK)). As previously
described, DEX-lipomers had a hydrodynamic diameter of 185 4+ 5 nm, a
polydispersity index of 0.360 + 0.019, a Z-potential of 39.0 + 0.1 mV
and an encapsulation efficiency of 98.60 + 0.01 % (Pena-Rodriguez
et al., 2021).

2.3. Human scalp in vitro permeation studies

Human scalp was purchased from Biopredic (Saint Grégoire, France),
which is authorised for the collection, processing, and sectioning of
human biological samples for research purposes. Samples were rem-
nants of surgeries complying with the French law CSP1245-2 with
informed consent of the patient, who is anonymised and does not receive
financial reward or publicity. The donor was a 58-year-old Caucasian
female.

The skin was cleaned with PBS and kept at 4 °C in the same saline
solution. Skin pieces were defatted (with a scalpel) and frozen at —20 °C
until use. On the day of the experiment, skin pieces were warmed to
room temperature and mounted on Franz cells (Vidrafoc, Barcelona,
Spain) with an effective diffusion area of 0.196 cm? and around 12 mL of
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receptor volume capacity (PBS at 32 °C and stirred at 500 rpm). An
amount of 76 mg of DEX-lipomers or free-DEX formulations were
applied in infinite doses and non-occluded conditions (Lau and Ng,
2017). Untreated skin was also included to study possible interferences
and to deposit the standards on tissue. After 18 h of permeation, the
diffusion surface was washed with PBS, the edges of the skin pieces were
cut with a scalpel and discarded, and the area in contact with the
formulation was frozen in dry ice immediately before use.

2.4. Tissue cryosectioning and histology

Carefully using a small drop of OCT to avoid any contamination, the
skin pieces were attached to the cryostat holder (Leica CM 3050 S (Leica
Biosystems, Barcelona, Spain)). Working at a temperature of —27 °C,
skin cross-sections with a 12 pm thickness were collected in different
types of slides. On the same slide, sections of different tissues were
included: non-permeated, permeated with DEX-lipomers and permeated
with free-DEX. Calcium fluoride (CaFs) slides (Crystan Ltd, Poole, UK)
were used for confocal Raman microscopy, and indium tin oxide (ITO)-
coated slides (Bruker Daltonics, Germany) for MALDI-TOF MSI. Skin
cryosections were then dried overnight under vacuum and kept at
—80 °C.

Additionally, consecutive tissue sections to those cut for MALDI-TOF
MSI were also collected on Superfrost™ poly-lysine-coated slides
(Fisher Scientific) with histological purposes. Hematoxylin & eosin
staining was performed following the standard procedure. Briefly, slides
were immersed for 2 min in 100 %, 90 %, 80 % and 70 % ethanol,
consecutively. Then, the samples were washed in milli-Q water for 5
min. Afterwards, slides were immersed in hematoxylin for 8 min and
washed again with milli-Q water. The next step was to dehydrate the
samples for 3 min in 70 %, 80 % and 90 % increasing ethanol solutions
before being submerged for 2 min in an eosin solution and washed for 3
min with 90 % ethanol. Finally, the slides were immersed in xylene (5
min, twice) and mounted with Canada balsam. Optical images were
obtained in a Leica Z16 APO vertical fluorescence stereomicroscope
with a 1x magnification (Leica Microsystems, Wetzlar, Germany).

2.5. Semiquantification curves preparation

Mixtures of DEX and BAK were prepared in 80 % w/w methanol and
0.2 % w/w TFA at four different concentrations (Table 1). Drops (0.5 ul)
of these mixtures were placed on untreated skin cryosections and were
left to dry for 20 min in the flow hood, before conducting imaging
analyses.

The signal intensities contained in the regions of interest (ROISs)
where the droplets had previously been deposited were obtained with
Witec Suite Five + version 5.3 (WITec, Ulf, Germany) and FlexImaging
3.0 (Bruker Daltonics, Bremen, Germany) softwares for confocal Raman
microscopy and MALDI-TOF MSI respectively. These data were
employed to obtain regression curves (Figures S1-S4 in supplementary
data), corrected by the area of each ROI measured with ImageJ software.

Linear regressions were performed using Microsoft Excel™ software
(Microsoft Corporation, Washington, USA).

Table 1
DEX and BAK concentrations and corresponding amounts in a 0.5 pl drop for
each of the standards.

DEX (ng/pl) BAK DEX BAK
(% w/w) (ng) (ng)

2000 2E-3 1000 10

200 2E-4 100 1

20 2E-5 10 1E-1

2 2E-6 1 1E-2
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2.6. Confocal Raman microscopy analysis

Tissue cross-sections were analysed with an Alpha 300R confocal
Raman microscope (WITec), configurated with a 20x Zeiss EC Epiplan-
Neofluar objective, a 633 nm laser and a 600 lines/mm grating. Re-
sults were treated with Project Five Plus 5.3 software (WITec).

Optical images of the tissues were obtained, then, the ROIs to be
scanned were defined and Raman spectra were obtained. Scanned areas
were composed of 100 lines per area, and 1000 points per line with a
laser power of 10 mW. The live auto focus tool was selected to follow the
sample topography in real time.

Once the data were obtained, cosmic ray removal was carried out for
each analysis with a filter size of 3 and a dynamic factor of 8. A back-
ground subtraction was performed with a polynomial of degree 6
making sure that no band was detrened. After the correction of the
spectrum, Witec true component analysis tool was performed to calcu-
late the principal components of the spectra. All these data processing
steps were performed using Wltec Suite Five Plus 5.3 (WITec). This
method considers the full Raman spectra rather than single bands. This
tool is based on an algorithm that describes each measured spectrum of a
hyperspectral dataset by a linear combination of reference spectra
(Benito-Gonzalez et al., 2020). Then, the biodistribution map of the DEX
was superimposed on the optical image of the tissue using the software’s
“overlay” tool.

The formula to convert from skin volume to skin mass is shown in
equation (1), where Mscanned is the mass of the scanned region (pg), T is
the thickness of the skin sample (cm), and p is the skin density (1 g/cm3).

Micamea(4g) = A X T x p x 107° @)

The semiquantitative analysis was performed using the regressions
lines obtained with the standards.

2.7. MALDI-TOF MSI set-up

To optimise the experimental conditions for DEX detection by
MALDI-TOF MS as a preliminary step to MSI experiments, different
ionization tests were performed. These tests consisted of studying the
feasibility to analyze DEX, BAK, checking the effect of derivatization
with GirT, and making sure that no interferences between the different
compounds were generated. Underivatised samples of 2 ug/ul DEX, 100
pg/ul GirT reagent, 0.2% w/w BAK and 1:1 mixture of GirT (100 pg/uL):
BAK (2 pg/ul) were analyzed.

DEX was derivatised in solution as a strategy to increase sensitivity.
Two stock solutions consisting of 4 ug/ul DEX in acetic acid: methanol
(10:90), and 2 pg/pl GirT in milli-Q water were prepared. Then, 200 pl of
the DEX stock and 10 ul of the GirT stock were mixed and incubated at
37 °C for 5 min.

Once individual spectra were obtained, a 1:1 mixture of GirT (50 pg)
with BAK 0.2 % w/w and a 2-ug sample of GirT-DEX conjugate were
analysed to study the selectivity.

2.8. MALDI-TOF MSI analysis

On-tissue chemical derivatization (OTCD) was required for DEX
detection. For this purpose, ITO slides containing skin cryosections,
were sprayed with a 5 mg/mL solution of GirT in 80 % methanol, 20 %
milli-Q water and 0.2 % TFA using the ImagePrep™ device (Bruker).
The optimised set-up for OTCD was 40 cycles, at 40 % power, with 2.2 s
spray pulse, 30 s incubation and 60 s of drying per cycle. The amount of
the derivatizing agent was calculated by weight difference before and
after spraying (average deposited GirT: 1.78 pg/mm?). The slides were
then placed in a glass Petri dish with moistened paper and incubated at
40 °C for 1 h (Guo et al., 2020). Afterwards, the slides were dried under
vacuum for 30 min.

Then, samples were sprayed with CHCA (10 mg/ml in 80 %
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acetonitrile, 20 % milli-Q water and 0.2 % TFA) as MALDI matrix using
ImagePrep™. A thickness parameter of 2/3 and tune of 0% were
selected in the CHCA standard method (average deposited CHCA: 1.40
pg/mm?). High resolution (6400 dpi) optical images of the ITO slides
were obtained with an Epson Perfection V600 scanner (Epson Ibérica,
Barcelona, Spain). Slides were kept in dark until MSI analysis.

Tissue slides were finally mounted into the MTP slide adapter
(Bruker) and placed into the MALDI-TOF mass spectrometer (Ultra-
fleXtreme, Bruker). Internal calibration was performed with a 1:1:1
mixture of in-solution GirT-derivatised DEX (2000 ng/ul), BAK (20 ng/
ul), and CHCA (10 ug/ul) deposited on the ITO slide after spraying the
matrix.

Using FlexImaging™ 3.0 and FlexControl™ 3.4 softwares (Bruker),
MSI data from permeated skin cross sections were obtained in reflector
positive ion mode at a mass range of 240-800 m/z. The laser intensity
was set to 85 % and its diameter to the medium size, which corresponds
with a spatial resolution of 50 um. Ion extraction time was set at 100 ns.
The spectra were averaged from 500 laser shots per spot, in random
spots mode. The mass error was < 50 ppm. When DEX and BAK stan-
dards were analysed for quantitation purposes, the laser was used at 60
% power, large diameter, and fast mode, to avoid signal saturation. A
total ion count (TIC) normalization was automatically performed by
dividing the intensities of each m/z by the mean of intensities of the
mean spectrum. In this way, the ion density maps to visualise the spatial
distribution of each targeted m/z (506.3, 304.3 and 332.3 for DEX, BAK
Ci2 and BAK Cj4 respectively) in each sample was obtained in
FlexImaging™.

Analogous to the confocal Raman studies, semiquantitative analysis
was also performed using the regression lines obtained with the MALDI-
TOF MSI standards.

3. Results and discussion

The steps necessary to study the cutaneous biodistribution of DEX

Confocal Raman microscopy

»— On-tissue BAK
and DEX
standards

Cryosectioning

MALDI-TOF MSI

Franz cells

GirT OTCD
CHCA - matrix
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and BAK by confocal Raman microscopy and MALDI-TOF MSI are
summarised in Fig. 1. The first step was to permeate the experimental
formulations with free-DEX or DEX-lipomers in human scalp explants
using Franz cells. Once permeated, skin cryosections were obtained for
histology, confocal Raman microscopy and MALDI-TOF MSI. Known
amounts of DEX and BAK were deposited on-tissue to perform the
semiquantitative analysis by Confocal Raman and MALDI-TOF MSI. In
the case of MSI analysis, DEX was derivatised on tissue to increase its
sensitivity (Zhang et al., 2020). Finally, the results were interpolated to
obtain semiquantitative biodistribution maps.

3.1. Semiquantification of DEX penetrating human skin by confocal
Raman microscopy

First, the individual spectra of untreated human scalp, BAK, DEX,
DEX-lipomers and a mixture of DEX and BAK (1:1) deposited on un-
treated human scalp, were obtained by means of Confocal Raman
(Fig. 2A). The objective of this first step was to test the feasibility to trace
DEX and BAK in the different matrices. Possible band overlaps with both
human scalp and lipomer excipients were checked. The spectra of free-
DEX and BAK are characterised by intense peaks at 1656 cm ™! (“John
Wiley & Sons, Inc. SpectraBase; https://spectrabase.com/spectrum/
GhWXEmhuBn8 (accessed 19/1/2023).,” n.d.), and at 1007 cm !
(“John Wiley & Sons, Inc. SpectraBase; https://spectrabase.com/ad?a =
SPECTRUM_1sk1IH8Yu2l&r = https://spectrabase.com/spectrum/
1sk1TH8Yu2l (accessed 19/1/2023).,” n.d.), respectively (Fig. 2A),. By
comparing the spectra of untreated human scalp and human scalp with
the mixture of DEX and BAK, the possibility of tracing the DEX peak in
the skin but not BAK was proven. Due to the overlap with the phenyl-
alanine peak (symmetric ring breathing at approximately 1004 cm™!)
present in the skin (Hernandez et al., 2013), the low signal of the peak,
and the low concentration of BAK relative to DEX in the nanoparticles
(10 times less), it was not possible to detect it by confocal Raman.

A filter was created at 1656 cm ™! with a peak width of 50 cm ™! and 4

|

| (W R W satatiren|
\ N

DEX Raman spectrum

| Derivatized-DEX

«

DEX skin biodistribution

bl ey 4

. One spectrum per shot

MALDI TOF

DEX skin biodistribution

Fig. 1. Steps on the study of the cutaneous biodistribution of DEX and BAK by confocal Raman spectroscopy and MALDI-TOF MSI.
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Fig. 2. (A) Individual Raman spectra of human scalp (red), BAK (blue), DEX (green), and a mixture of DEX and BAK (1:1) deposited on human scalp (black), and
DEX-lipomers (pink). (B) Untreated human scalp cryosection showing the different droplets for the quantification curve: 1000 ng DEX and 10 ng BAK (red), 100 ng
DEX and 1 ng BAK (blue), 10 ng DEX and 0.1 ng BAK (black), 1 ng DEX 0.01 ng and BAK (green). (C) Raman spectra of the ROIs scanned for each standard (same
colours as before) showing the 1656 cm ™! DEX characteristic Raman peak. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

points were taken on each side to obtain the average intensity sum of
each standard. The standard curve of DEX and the corresponding
equation are shown in supplementary data Figure S1.

When permeated human scalp was analysed (Fig. 3), it was possible
to detect lipomer-delivered DEX at > 1000 pm depths (Fig. 3A). By
observing the hair follicles, DEX accumulation can be seen in the outer
root sheath of the follicle. In previous studies (Pena-Rodriguez et al.,
2021) the accumulation of DEX in hair follicles and sebaceous glands
was also observed by immunohistofluorescence techniques when it was
loaded in lipomers.

In addition to qualitative biodistribution, a semiquantitative esti-
mate of the amount of DEX present in the scanned skin regions was
obtained. After interpolation with the standard curves a DEX amount of
36.25 + 11.79 ng/ug skin was detected in tissues permeated with free-
DEX, whereas 51.32 + 22.06 ng/ug skin were quantified in skin
treated with DEX lipomers. Although there was a substantial increase in
DEX penetrance when using lipomers, when DEX amount was corrected
with equation (1) no significant differences were found (p-value = 0.22,
Fig. 3C).

When qualitatively comparing the amounts of DEX in different
scanned regions of the skin, it was found that in the free-DEX solution,
the active ingredient mainly accumulates in superficial layers
(epidermis and stratum corneum) (Fig. 3B), while when encapsulated in
lipomers, accumulation was observed around follicles and in the dermis
at a depth of up to approximately 1000 um (Fig. 3A).

3.2. MALDI-TOF MSI set-up

The spectrum of DEX (supplementary data Figure S5A) showed very
low intensity peaks at m/z = 393.2 Da corresponding to the mass of
protonated DEX (M + H* ). Low intensity peaks of DEX + Na' and DEX
+ K are also shown. This indicated the need to derivatise DEX to in-
crease the signal intensity. As for BAK, being a quaternary ammonium
salt, the signal obtained was much more intense and suitable for tracing
lipomers by MALDI-TOF MSI. The peaks corresponding to the BAK Cjy
(m/z = 304.3 Da) and BAK Cj4 analogs (m/z = 332.3 Da) can be
observed (supplementary data Figure S5B). The spectrum of supple-
mentary data Figure S5C shows the GirT peak at m/z = 132.1 Da.

The reaction scheme between aldehydes/ketones with GirT reagent
is shown in supplementary data Figure S6A. Although attack on either
group 3 and 20 ketone of DEX would be possible, it was assumed that the
20 ketone was more prone to nucleophilic attack by the hydrazide than
the ketone in the 1,4-diene-20-one system of the pregnane structure
(Figure S6B). The GirT added 114 Da to the DEX molecule, and conse-
quently the derivatised DEX peak was observed at 506.3 Da.

As can be seen in supplementary data Figure S7 A, there were no
changes in the spectrum when mixing GirT and BAK, so no reaction
seems to be possible between these two molecules. The method is
considered selective, as no interferences between reagents or different
compounds were observed.



E. Pena-Rodriguez et al. International Journal of Pharmaceutics 636 (2023) 122808

B

K DEX-Lipomers
£ &

3 \ e - o e

s 8 1636 free DEX

x L] S ORGPy U — —
o] 2 [

a 2

= 3

3 88

s J [

: .

2 4 i ! On-tissue DEX
e 2 {
: g

2

A ) wo  m wew 20 e

Fig. 3. DEX-lipomers and free-DEX permeated human scalp cryosections analysis by confocal Raman microscopy. (A) DEX-lipomers permeated cryosections,
showing the overlay of the DEX distribution map on the scanned regions number A.1, A.2, A.3, and A.4. (B) Free-DEX permeated cryosections, showing the overlay of
the DEX distribution map on the scanned regions B.1 and B.2. White arrows indicate the localization of epidermis and hair follicles in the cryosections (C) DEX-
lipomers (n = 4) and free-DEX (n = 2) skin mass normalised DEX amount (ng/ug) bar diagram. (D) DEX Raman spectra of on-tissue DEX standard (green), DEX
lipomers (red), and free-DEX (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. On-tissue m/z = 506.3 Da DEX-GirT (A), m/z = 304.3 Da BAK C;, (B) and m/z = 332.3 BAK Cy4 (C) standards intensity maps after MALDI-TOF MSI analysis.
Scale bars (2 mm) and intensity colour scale bars are shown, white text indicates the corresponding amount of each standard.
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3.3. Semiquantification of DEX and BAK penetrated into human skin by
MALDI-TOF MSI

A known drawback for MALDI-TOF MSI is the analyte ion suppres-
sion phenomena produced by the tissue matrix and other interferences
(Rzagalinski and Volmer, 2017; Signor et al., 2007). To counter this
problem, standards can be deposited on blank tissue and signals ob-
tained used to correct the matrix effect in the samples (Goodwin et al.,
2011).

Quantitative, reproducible derivatization of the tissue permeated
material can be affected by the tissue characteristics, incubation con-
ditions, and reagent and matrix concentration and spraying conditions
(Barré et al., 2016). On the basis of previous studies (Guo et al., 2020;
Zhang et al., 2020) we tuned these parameters for the better response in
our hands. OTCD with GirT was performed (Fig. 4). Standard curves
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were obtained for the three analytes, representing the logarithm of the
intensity of the corresponding peak as a function of the logarithm of the
amount of standard deposited on tissue. (Figures S2 - S4 in supple-
mentary data).

MALDI-TOF MSI images of the DEX-lipomers and free-DEX perme-
ated human scalp tissues showed the distribution of derivatised DEX in
the skin cryosections. In addition, BAK biodistribution allowed to trace
the lipomers (Fig. 5). The derivatised-DEX signal at m/z 506.3 Da
confirmed adequate derivatization of DEX. As can be seen, there is an
accumulation of DEX in the more superficial layers (epidermis) and the
amount of DEX in the dermis and deeper layers is lower. Fig. 5 B
correspond to free-DEX permeated tissues, with a similar biodistribution
as the lipomers.

In previous immunohistofluorescence studies (Pena-Rodriguez et al.,
2021), when DEX was loaded in lipomers instead of in a free control

DEX-lipomers

Epidermis
— - Dermis

Epidermis

>
Dermis

BAK C,,

Free-DEX

Dermis

Epidermis
—> \fl €¢— Dermis

Fig. 5. MALDI-TOF MSI biodistribution maps and histological cryosections of: (A) DEX, BAK C;,, and BAK C,4 after DEX-lipomers permeation on human scalp. (B)
DEX after free-DEX permeation on human scalp. White arrows indicate the epidermis and dermis orientation on the slices. Scale and intensity bars are shown in each
panel. Overlaying of the ROIs in the corresponding histological cryosections is also shown in each histological image.
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solution, its skin penetration capacity was higher. MALDI-TOF MSI re-
sults have not shown these differences, probably, due to the lower
spatial resolution of MALDI-TOF MSI set-up (50 um), where it was not
possible to differentiate biodistribution in hair follicles.

Simultaneously, the biodistribution of BAK Cj, and BAK Ci4 in skin
tissues permeated with DEX-lipomers was also analysed. The bio-
distribution results seem to indicate that the lipomers were able to
permeate beyond the epidermis (up to about 800 um depth) (Fig. 5A).
This would agree with the results obtained in previous studies (Pena-
Rodriguez et al., 2021). In those studies, it was observed that by
encapsulating a hydrophobic fluorophore (Coumarin 6) and labelling
the lipomers with Lissamine™ Rhodamine B, the lipomers were shown
to penetrate deep layers, releasing the encapsulated active ingredient in
epidermis and hair follicles.

The results were also normalised by the amount of skin analysed (in
ug) to compare them with the results obtained by confocal Raman. The
total amount of DEX-GirT extracted from the skin tissues was similar in
the case of DEX-lipomers (0.155 + 0.064 ng/ug skin) and free-DEX
(0.163 + 0.069 ng/ug skin). It was observed that the DEX bio-
distribution was similar with both formulations, and it was accumulated
in the most superficial layers of the skin. It would appear that BAK C;5
penetrated in greater quantities than BAK Cy4 (0.017 £ 0.000 versus
0.005 + 0.001 ng/ug skin respectively). However, the relative abun-
dance of the BAK C;2 homologue in bulk BAK was higher than that of
BAK Cy4 (Kampf, 2018), which seems to explain the differences found.

Several authors studied the accumulation of DEX loaded into
100-200 nm positively charged EC nanoparticles by skin layer separa-
tion and quantification. These investigators performed permeations at a
lower DEX dose (0.05%) and at shorter times (6-8 h permeation) (Balzus
et al., 2017; Beber et al., 2016; Doge et al., 2016). For this reason, at a
quantitative level, it is difficult to make an adequate comparison with
our results. Nevertheless, the studies in the literature showed accumu-
lation in epidermis when DEX was loaded in EC polymeric nanoparticles,
which agrees with the results observed in Fig. 5A.

3.4. Confocal Raman and MALDI-TOF MSI comparison

A summary table (Table 2) of the two techniques applied to the
semiquantitative biodistribution of DEX and BAK after permeation in the
human scalp is shown below.

Confocal Raman has proven to be a very useful technique to study
and compare the cutaneous biodistribution of DEX in a semiquantitative
manner. When analyzing the results obtained through both techniques,
the amounts of DEX detected in MALDI-TOF MSI were lower (0.155 +
0.064 in MALDI-TOF MSI versus 51.32 + 22.06 ng/ug in confocal
Raman for DEX-lipomers). A possible explanation is the fact that
quantification in this case is performed indirectly, through on-tissue
derivatization with GirT. Since these are permeated samples, it is
possible that the derivatization yield is lower than in the case of cali-
brators, where DEX is more accessible when deposited onto the cross
section. In addition, another issue for quantification with mass spec-
trometry is the matrix effect. A competition between the analyte and

Table 2
MALDI-TOF MSI versus Confocal Raman comparison for skin imaging analysis.

MALDI-TOF MSI Confocal Raman

Spatial resolution 30-50 pum (equipment used in this 350 nm
research)
Sampling time 1-2h 10-15h
Setting-up Harder Easier
complexity
Analysis type Destructive Non-destructive
Interferences Matrix effect (ion suppression during Skin
matrix desorption) autofluorescence
DEX sensitivity Lower Higher
BAK sensitivity Higher Lower
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other ionised molecules from the matrix could take place (Grégoire
et al., 2020). The matrix effect present in MALDI-TOF MSI, and the
ionization efficiency of DEX-GirT may also be a cause of the lower
amount of DEX detected with respect to confocal Raman.

One of the major differences between the characteristics of the two
techniques with the set-up used in these experiments was the spatial
resolution. With the equipment used in this work, a spatial resolution of
350 nm by Confocal Raman and 50 um by MALDI-TOF MSI was ach-
ieved. This higher resolution makes it possible to observe hair follicles,
which was not possible with 50 um resolutions. It was possible to reduce
the diameter of the MALDI-TOF MSI laser to 30 um but the intensities
obtained at this resolution were too low. However, nowadays there are
new generation MALDI-TOF MSI equipment that allow to achieve better
spatial resolutions (of up to 300 nm) (Meng et al., 2020).

Due to low scattering efficiency, Raman microscopy is a time-
consuming technique with a rather slow sampling rate (Ryabchykov
et al.,, 2018). For this reason, the ROIs analysed in this work using
MALDI-TOF MSI covered practically 100% of the tissue to be analysed
(Fig. 5), while the regions analysed using confocal Raman were
considerably smaller (Fig. 3). The set-up of MALDI-TOF MSI is more
complex than for confocal Raman. Although the sampling time once the
technique is optimised is shorter in MALDI-TOF MSI, the time and
complexity required to prepare the samples is greater due to the need to
establish the different steps described in section 3.2 MALDI-TOF MSI set-
up.

Another difference is the type of signal interferences encountered in
each technique. Skin autofluorescence is the main interference in
confocal Raman microscopy, while in MALDI-TOF MSI, the sensitivity,
ionization, and the ability to derivatise biomolecules can be different
depending on the different MALDI matrices used (Perry et al., 2020).
Unlike MALDI-TOF MSI, confocal Raman microscopy is a non-
destructive technique, which has allowed the development of devices
for in vivo skin permeation analysis (Caspers et al., 1998). However, both
techniques are complementary when analysing biological tissues. In
terms of sensitivity for each analysed compound, while for DEX the
sensitivity was higher in confocal Raman microscopy, BAK was only
detected by MALDI-TOF MSI. The higher sensitivity for BAK in MALDI-
TOF MSI is given by the cationic character of the quaternary ammonium
group in the compound.

4. Conclusion

MALDI-TOF MSI and confocal Raman microscopy techniques were
set up and compared to obtain semiquantitative data on the cutaneous
biodistribution of DEX and BAK after permeation of DEX-lipomers
versus a free-DEX control solution. The DEX biodistribution obtained
with confocal Raman agree with previous studies performed also on
DEX-lipomers by qualitative immunohistofluorescence techniques
where a penetration-promoting tendency was observed when loaded in
the nanoparticles (Pena-Rodriguez et al., 2021). A detailed comparison
of both techniques leads to the conclusion that they are complementary
techniques. MALDI-TOF MSI is very useful when analysing larger tissue
regions, while confocal Raman microsocpy allows to obtain higher
spatial resolutions comparing to MALDI-TOF MSI conventional equip-
ments. New equipment based on MSI with higher spatial resolutions are
appearing, so the prospects for this technology are very promising. The
possibility of obtaining qualitative maps of the biodistribution of com-
pounds and combining it with quantitative data is a very helpful tool for
developing drug delivery systems that accumulate in specific anatomical
regions. Further work needs to be done on the validation of the quan-
tification method, increasing the number of replicates and standard
curve points for both techniques to obtain robust quantiative data with
different molecules.
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