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Abstract: In skin penetration studies, HPLC-MS/MS analysis on extracts of heat-separated
epidermis and dermis provides an estimate of the amount of drug penetrated. In this study,
MALDI-MSI enabled qualitative skin distribution analysis of endogenous molecules and the
drug molecule, tofacitinib and quantitative analysis of the amount of tofacitinib in the
epidermis. The delivery of tofacitinib to the skin was investigated in a Franz diffusion cell
using three different formulations (two oil-in-water creams, C1 and C2 and an aqueous gel).
Further, in vitro release testing (IVRT) was performed and resulted in the fastest release of
tofacitinib from the aqueous gel and the lowest from C2. In the ex vivo skin penetration and
permeation study, C1 showed the largest skin retention of tofacitinib, whereas, lower
retention and higher permeation were observed for the gel and C2. The quantitative MALDI-
MSI analysis showed that the content of tofacitinib in the epidermis for the C1 treated
samples was comparable to HPLC-MS/MS analysis, whereas, the samples treated with C2
and the aqueous gel were below LOQ. The study demonstrates that MALDI-MSI can be used
for the quantitative determination of drug penetration in epidermis, as well as, to provide

valuable information on qualitative skin distribution of tofacitinib.

Keywords: Cutaneous drug delivery, skin, tofacitinib, mass spectrometry imaging, skin
penetration, skin permeation, MALDI-MSI, in vitro release testing, HPLC-MS/MS
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1 Introduction

Mass spectrometry imaging (MSI) is a family of techniques for targeted and non-targeted
imaging analysis enabling visualization of the distribution of multiple compounds within the
same experiment. In pharmaceutical skin research, the compounds of interest could be drug
molecules, excipients, metabolites, biomarkers or endogenous molecules such as cholesterol,
ceramides etc. Previously, MSI has mainly been used for qualitative assessment of the
distribution of different molecules in a tissue sample. However, the technique has quickly
gained popularity due its non-targeted approach, which has resulted in an increasing demand
for adding a quantitative component to the qualitative MSI data. For Matrix-Assisted Laser
Desorption lonization Mass Spectrometry Imaging (MALDI-MSI), multiple methods to
perform quantitative analysis have been developed to solve the challenges, which are inherent
for this analytical technique. The challenges comprise of spatial variations in the ionization of
the analyte caused by inhomogeneity in matrix deposition and changes in sample
composition. Further, tissue binding of the analyte in the sample (e.g. protein or lipid
binding) complicates the quantitative analysis and makes it difficult to correlate the
calibration curve to the concentrations of the analyte in the sample [1]. Although MSI as a
field has existed for more than 20 years, quantitative mass spectrometry imaging (qMSI) is
still in its infancy, and unlike in traditional bioanalysis employing HPLC-MS, there is not yet
an established consensus on how to construct calibration curves and assess tissue
concentrations. The developed methods can be grouped in three categories: “in-tissue” where
the calibration curve is established using drug-spiked homogenate, “in-solution” where the
calibration standard is deposited on the glass slide next to the sample and “on-tissue” where
the calibration standards are deposited on or beneath the sample section [2]. An “in-solution”
method was developed by Hamm et al.. In this method, the calibration standards were
deposited on a clean glass slide, and the signal of the calibration standards were correlated to
the drug-treated tissue by use of the tissue extinction factor, TEC [3]. The TEC factor was
established by spraying the analyte onto a control tissue and calculate the ratio of the ion
signal in a region of the tissue to the ion signal achieved on the clean glass slide. The TEC
approach anticipates that the same interactions are present by spraying the analyte on top of
the skin as the interactions in drug-treated skin. Other studies have shown that normalizing to
a standard which has been sprayed onto the sample with the matrix solution may not fully
mimic the interactions in the skin since there is a risk of the standard to co-crystalize with the

matrix compound rather than interact with the skin and hence result in an inadequate
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normalization [4,5]. To overcome this, several studies have investigated how the application
of the standard either beneath or on top of the skin affects the generation of the standard
curve [1]. By use of an acoustic spotter, Chumbley et al, found that the best correlation was
achieved by spotting the standard on top of the sample before applying the matrix [4],
whereas, the best correlation according to Pirman et al. was achieved when spraying the
standard onto the glass slide before mounting the sample and applying the matrix [6]. Thus,
the means for generating standard curves remains inconclusive. Another approach is to create
a mimetic tissue model where the relevant biologic matrix is homogenized and spiked with a
known concentration of the drug standard [7]. This approach may be more time consuming
for smaller analyses than deposition of droplets for establishing a calibration array, whereas,
for larger studies, where multiple sections can be made from the same block of mimetic
tissue, it may be more feasible and result in less variation than manually spotted droplets
where variations in droplet deposition may affect the volume and area covered by the droplet
[8]. Finally, an example of an on-tissue approach was developed by Russo et al. using an
acoustic microspotter to achieve droplets in the picoliter range with reproducible spot sizes
[9]. The microspotter was used to establish a calibration array by applying small droplets of
different concentrations of the analyte on the epidermal layer of a 3D living skin equivalent
model. To adjust for changes in ionization efficiency caused by changes in sample
composition and matrix deposition, a stable isotope labelled version of the analytes was used
as internal standard (IS). The IS was added to the calibration standards, such that the ion
signal of the drug molecule could be normalized to the ion signal of the IS. On the drug
treated samples, the IS was spotted in the same concentration as used for the calibration
standards with the same purpose of normalizing the signal to encounter differences in

analyte-matrix ratio and skin composition.

In this study, the delivery of the model drug molecule, tofacitinib to the skin was investigated
from three different formulations using the on tissue MALDI-gMSI method where a
calibration array was established by the use of a microspotter [9]. The three formulations
consisted of an aqueous gel and two oil-in-water creams based on different emulsifiers and
components to provide structure. The gMSI results of the epidermal content of tofacitinib
were compared to the content of tofacitinib in epidermis extracts measured by HPLC-
MS/MS. The penetration to the dermis and permeation to the receptor media were measured
using HPLC-MS/MS to provide a more detailed investigation of the skin penetration and

permeation. The penetration is here defined as the passage of molecules into the skin whereas
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permeation is defined as the passage of molecules through the skin.
The model drug molecule, tofacitinib is a Janus kinase (JAK)-inhibitor and has previously
been in clinical phase 3 trials for oral treatment of psoriasis [10-12]. Selected

physicochemical properties of tofacitinib are listed in table 1.

2 Materials and Methods

Tofacitinib (98 %) purchased from PharmBlock, Inc. (Hatfield, PA, USA) and [**C5!®N]-
tofacitinib (98 %) from Alsachim (lllkirch Graffenstaden, France). Acetonitrile, methanol,
ethanol, formic acid and ammonium acetate were purchased from Merck KGaA (Darmstadt,
Germany). Propanolol, Dulbecco's phosphate buffered saline (DPBS), bovine serum albumin
(BSA), citric acid, Alpha cyano-4-hydroxycinnamic acid, phosphorus red, haematoxylin and
xylene substitute were purchased from Sigma-Aldrich (Copenhagen, Denmark). Eosin and
Pertex mounting medium were purchased from Leica Biosystems Nussloch GmbH
(Nussloch, Germany). Milli-Q water was obtained from a Direct-Q 5 UV Remote Water
Purification System (Billerica, MA, USA).

2.1 Characterization of formulations

2.1.1 Formulations

The three different formulations were prepared by homogenously suspending 10 mg/g
tofacitinib in the vehicle using a pestle and mortar. The aqueous gel consisted of a base of
water and glycerol and hydroxyethylcellulose used as a gelling agent. C1 contained an
aqueous phase of water and glycerol and a blend of monoglycerides as disperse phase,
macrogol-40-stearate as emulsifying system and carbomer as stabilising agent. C2 contained
an aqueous phase of water, glycerol and sorbitol and a disperse phase of liquid paraffin, and

an emulsifier system of polysorbate 80, cetostearyl alcohol and glycerol monostearate.

2.1.2 Invitro release testing (IVRT)

IVRT of tofacitinib from the three formulations was performed using a Hanson Vision
Microette automated diffusion test system (Teledyne Hanson Research, Chatsworth, CA,
USA) in modified Franz diffusion cells with a synthetic membrane Tuffryn® 0.45 pum (Pall,
Portsmouth United Kingdom). The experiment was performed with six replicates of each
formulation. To maintain sink condition in the receptor compartment during the experiment,
degassed 50:50 v/v% ethanol (EtOH):H.O was used as receptor media. The diffusion cells
consisted of a 265 pl donor compartment and a 7 ml receptor compartment equipped with

magnetic helix stirring at 600 rpm. The temperature was maintained at 32°C during the
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experiment.

Before initiating the experiment, the membranes were soaked for 30 minutes in the receptor
media and the diffusion cells were filled with receptor media and left to equilibrate for 30
minutes. 265 pL of the formulations were pipetted into the donor compartments using a
positive displacement pipette and the membranes were subsequently mounted onto the donor
compartment. The receptor compartment was filled with the degassed receptor media and
clamped together with the donor compartment. It was ensured that air bubbles were removed
before initiation. 500 pL receptor media were sampled after 15, 30, 45 minutes, 1, 2, 3, 4, 5,
6, 8, 10, 14, 20 and 24 hours and replaced by fresh receptor media.

The release rate and flux were determined as described in the SUPAC-SS using Higuchi
kinetics for semisolid formulations (square root t kinetics) by plotting the amount released
per area (g/cm?) as a function of the square root of time (min*) [13]. A linear regression line
was plotted and the slope (ug/(cm? min*)) represented the flux.

2.1.3 HPLC-UV analysis of IVRT samples

The sampled receptor media from IVRT were injected directly into a Dionex 3000 Ultimate
HPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a PDA
detector, without further sample preparation. The standards were prepared using a diluent
consisting of 50:50 v/v% of EtOH:H20. An Agilent Zorbax Eclipse Plus C18 column (2.1x50
mm, 1.8 pum) was operated at 40 °C, an injection volume of 1 pL and a flow rate of 0.4
mL/min. Mobile phase A (10 mM ammonium acetate in 10:90 v/v% ACN:H>O and mobile
phase B (10 mM ammonium acetate in 80:20 v/v% ACN:H20) were used with a programmed
gradient of 0-4.5 minutes 0-45% (B); 4.5-5.5 minutes 45-70% (B); 5-7 minutes: isocratic
gradient 0% (B). A wavelength of 283 nm was used for detection. The limit of detection

(LOD) was experimentally determined to be 1.0 pg/mL by preparing standards close to LOD.

2.2 Exvivo penetration and permeation

2.2.1 Preparation of skin

Excess full-thickness skin removed in plastic surgery was received from Herlev Hospital
(Herlev, Denmark) upon written informed consent of the donor. Skin samples were donated
by three different donors; abdominal skin from two female donors (24 and 62-years old) and
arm skin from a female donor (47-years old). The surgically removed skin was prepared by

removing subcutaneous fat and frozen to -20 °C until the day of the experiment.
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2.2.2 Franz diffusion cell study on human skin

On the day of the experiment, skin explants of 38 mm diameter were punched out and fixed
into a Franz diffusion cell setup (PermeGear, Inc., Hellertown, PA, USA) with a diffusion
area of 3.1 cm?. The skin explant originated from three different donors described in section
2.2.1. The cells were filled with isotonic saline water. After 30 minutes, the saline water was
exchanged with 4 w/w% BSA in DPBS and the cells were left to equilibrate for 45 minutes.
The temperature on top of the skin was maintained at 32 °C during the experiment. After 45
minutes, 20 pL of the formulations were applied on top of the skin using a pipette.
The experiment was performed in triplicate. The MALDI-MSI analysis was performed on
skin treated with the three different formulations for 5 and 24 hours. Hence, three Franz
diffusion cells for each of the three different formulations were prepared for the 5-hour
treatment and another three Franz diffusion cells for the 24-hour treatment. The skin explants
used in the set of three Franz diffusion cells used skin originating from two out of the three
included skin donors to get an insight into the variation between two skin explants from the
same skin donor. The skin treated with C1 originated from the abdominal skin of a 24 and 62-
years old woman, whereas, the gel and C2 treated skin originated from arm skin of a 47-years
old woman and abdominal skin of a 62-years old woman.
The receptor media (0.5 mL) was sampled after 1, 3, 5, 7, 22 and 24 hours and replaced with
fresh receptor media. For cells discontinued after 5 hours for MALDI-gMSI analysis, the

receptor media were sampled after 1, 3 and 5 hours to provide the same conditions.

At the end of the experiment, the receptor media was collected and weighed (approximately
10-11 g). 0.5 mL of the receptor media was transferred to an Eppendorf tube for HPLC-
MS/MS analysis. The skin was carefully removed from the diffusion cells and tape-stripped
twice with Transpore (3M, St. Paul, MN, USA) using a pressure applicator with an applied
pressure of approximately 1.3-1.4 kg. Subsequently, the skin was tape-stripped six times with
D-Squame (CuDerm Corporation, Texas, USA) tape without the use of a pressure applicator.
A 10 mm punch biopsy was taken from the skin explant and the 10 mm biopsy was turned
upside down and a 6 mm punch biopsy was made from the dermal side. The 6 mm biopsy
was transferred to an Eppendorf tube and left on a 55 °C water bath for 5 minutes to heat-
separate epidermis from dermis. The epidermis was carefully removed from dermis and the
epidermis and dermis were transferred to individual tubes suited for a bead ruptor (vials
containing small grinding balls of different sizes). To assess the weight of the epidermis and

dermis, the tubes suited for a bead ruptor were weighed before and after the sample was
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collected. 600 pL cold 50:50 v/vi ACN:H,O was added to the tubes.
6 mm punch biopsies were made for the MALDI-MSI analysis and transferred to a tube
before snap freezing in liquid nitrogen. The samples were stored at -80 °C.

Sink conditions were upheld during the experiment and were defined as 10% of the saturation
solubility of the drug molecule in the receptor media [14].

2.3 HPLC-MS/MS bioanalysis of dermis, epidermis and receptor media

The dermis and epidermis samples were homogenized using a Bead Ruptor 24 (Omni
International, Kennesaw, GA, USA) operated in 5 cycles of 20 s with a 1-minute delay
between each circle with cooling provided by an Omni BR-Cryo Cooling Unit. The samples
were added 400 pL 50:50 v/v% ACN:citrate buffer (pH = 4) and centrifuged at 4000 rpm for
30 minutes. 50 pL of the supernatant was transferred to a 96-deep well plate and 150 pL
ACN with 5 nM propranolol as internal standard (IS) was added to precipitate proteins. The
96-deep well plate was centrifuged at 4000 rpm for 30 minutes and the samples were now
ready for HPLC-MS/MS analysis.
The receptor media were prepared for HPLC-MS/MS analysis by mixing 100 uL of the
receptor media with 300 uL of ACN containing propranolol as an IS. From the mixture 120
ML was transferred to a 96 deep well plate and centrifuged at 4000 rpm for 10 minutes.
The UHPLC-MS/MS system consisted of a Sciex API5500 triple quadrupole mass
spectrometer (Framingham, MA, USA) equipped with a Shimadzu prominence UHPLC
pump (LC-30AD, Kyoto, Japan) using a Shimadzu autosampler (SIL-20AC, Kyoto, Japan)).
The analytes were separated by a Waters C18 T3 HSS (50 x 2.1 mm, 1.8 um) column
operated at 60 °C and mobile phases consisting of 10 mM ammonium acetate buffer + 0.1%
formic acid (10:1: 89) and 0.1% formic acid in acetonitrile. A programmed gradient was
used: 0.0-0.1 min: isocratic at 1% (B); 0.1-0.6 min: 1-100% (B); 0.6-1.6 min: isocratic at
100% (B); 1.6-1.8 min: 100-1% (B); and 1.8-2.5 min: isocratic at 1% (B) . The injection
volume was 3 pL and the flow rate was 0.6 mL/min. The mass spectrometer was operated in
positive ion mode with electrospray ionization and tofacitinib was quantified using the
transition 313.2/149.0. The LOD for tofacitinib was determined as 3 times the noise to 12
ng/g for the skin extracts and 0.6 ng/g for the receptor media where the noise was determined

as the background in the mass spectrum of a blank.
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24 MALDI-gMSI

2.4.1 Cryo-sectioning

The skin samples were cryo-sectioned into 12 pum thick sections without the use of
embedding (Leica CM1950, Leica Biosystems Nussloch GmbH, Nussloch, Germany). The
samples were mounted to a cork ring using ice before attaching the cork ring to the sample
holder. The sectioning was performed at -18 to -20 °C. Multiple samples were thaw-mounted
onto the same polylysine glass slide allowing each slide to comprise of cross-sections of a
control, a vehicle-treated and two to three tissue sections treated with the formulation, all
from the same donor. The polylysine slides were packed in boxes of two slides and put into a
sealed bag to avoid dislocation of analytes when thawing the samples on the day of the
analysis. The samples were stored at -80 °C.

2.4.2 Microspotting of standards

An acoustic robotic spotter (Portrait 630, Labcyte Inc., Sunnyvale, CA, USA) was used to
apply the calibration standards. The standard solutions were prepared in concentrations of
1500, 1000, 500, 100, 50, 10 and 1 pg/mL in 50:50 v/v% MeOH:H.O. To each standard, IS
was added to obtain a concentration of 100 pg/mL. The standard was microspotted onto
control tissue in 20 cycles of 170 picoliters each, such that a total volume of 3.4 nL was
deposited for each calibration spot. The samples treated with the formulation and the vehicle
were microspotted with 3.4 nL of 100 pg/mL IS at the locations on the samples where

quantification was desired. A total of 9 spots were deposited in the epidermis of each sample.

2.4.3 Sublimation

300 mg of CHCA was distributed homogenously across the bottom of a sublimation chamber.
The glass slide was attached to the bottom of the flat top of the sublimation chamber. The
sublimation apparatus was assembled using an O-ring and a vacuum was applied. The
vacuum was stabilized around 2.5-2.7 x 102 Torr and ice-cold water was poured into the top
of the sublimation chamber. The chamber was placed on sand heated to approximately 180
°C. A layer of 0.1-0.2 mg/cm? CHCA was applied to the polylysine slide within 3 to 4

minutes.

2.44 MALDI-MSI
A Waters MALDI HDMS Synapt G2 mass spectrometer (Waters Corporation, Manchester,
U.K.) equipped with a neodynium:yttrium aluminum garnet (Nd:YAG) laser operated at 1

kHz was used to analyze the samples. The analysis was carried out in full scan “sensitivity”
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mode with a pixel size of 60 pm and a mass range of m/z 100—800, (resolution 10 000
fwhm). The laser energy was set to 270 (arbitrary units).
The RAW-files were converted to imzML files using HDI Imaging Software version 1.4
(Waters Corporation, Manchester, U.K.). The imzML files were subsequently visualized in
mslQuant version 2.0.1.14 [15]. The MALDI images are presented as the ion signal
normalized to the total ion count (TIC). Tofacitinib was visualized as its hydrogen adduct at
m/z-value 313.2 and IS as its hydrogen adduct at m/z-value 317.2. The MALDI images were
acquired with a bin width of + 0.050 Da.

2.45 H&E staining

After the MALDI-MSI analysis, the skin sections were stained using haematoxylin and eosin
(H&E) staining. The staining was performed by submerging the slide for three minutes in
100% EtOH, and thereafter in 95%, and 70% EtOH solutions. Subsequently, the slide was
washed in Milli-Q water for 2 minutes before the slide was immersed for 10 minutes in
filtered Meyer’s hematoxylin. Then, the slide was washed in running tap water for 3-5
minutes before dehydrating the slide for 3 minutes in 70% EtOH, and then in 95% EtOH
solutions. The slide was submerged for 1 minute in filtered eosin and washed for 3 minutes in
95% EtOH solution, and another 3 minutes in a new chamber of 95% EtOH solution.
Subsequently, the slide was washed in 100% EtOH for 3 minutes before being transferred to
another solution of 100% EtOH for 3 minutes. Thereafter, the slide was submerged twice in
two chambers of xylene substitute for 5 minutes each and finally mounted using the mounting

medium, Pertex. The optical images were acquired using an Olympus BX60 microscope.

2.4.6 Quantification using MALDI-MSI

In mslQuant, the microspotted standards on tissue were interrogated by the ecliptic or
polygonic tool depending on the shape of the microspotted droplet. From the interrogated
region, the average signal of IS and tofacitinib were extracted using a bin width of £ 0.050
Da. The standard curve for each MALDI analysis was plotted as the ratio of tofacitinib and IS
as a function of the spotted mass of tofacitinib divided by the area (ng/mm?). The ratio
between the average signal of tofacitinib and IS is later designated as the mean intensity ratio.
The extracted concentrations in ng/mm? were converted to pg/g tissue by calculating the
volume of the tissue. The volume of the tissue was determined by multiplying the area of 1
mm? with a skin section thickness of 0.012 mm (12 um). The volume, 0.012 mm3 was
multiplied with the density of the skin set to 1 mg/mm? resulting in 0.012 mg tissue. Hence,

the extracted concentration in ng/mm? could be converted to ng/mg, which is the same unit as
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ug/g, by dividing with 0.012 mg of tissue in 1 mm?2. For the individual biological replicate,
the mean of all concentrations determined for each of the microspots was calculated and
compared to the HPLC-MS/MS data.
In the MALDI images, it was observed that a fraction of IS was not isotopically labelled. To
account for this contribution, a correction factor was introduced based on the microspots of
the 1S applied on the skin treated with the vehicle. The correction factor was determined by
extracting the mean intensity ratio of tofacitinib and IS to calculate the contribution as a
concentration in ng/mm?2. The correction factor was subtracted from the concentrations

determined on the tofacitinib-treated skin.

LOD and LOQ were determined for the experiments by calculating the standard deviation of
the y estimate, sy based on the standard curve of the three MALDI-MSI datasets used for the
quantification of tofacitinib. LOD was calculated as 3sy /slope and LOQ as 10sy /slope. The
LOD was determined to be 0.60 ng/mm? corresponding to 50.3 pg/g and a LOQ of 2.01
ng/mm? corresponding to 168 pg/g.

2.5 Statistical analysis

Non-parametric Mann-Whitney U test and non-parametric Kruskal-Wallis one-way analysis
of variance followed by multiple comparison tests were performed. For gMSI, Grubbs outlier
test was carried out to exclude outlying concentrations achieved from the individual
microspots. All statistical analyses were performed using GraphPad Prism 8 for Windows,

GraphPad Software, La Jolla California USA, www.graphpad.com. Two-tailed p-values

below 0.05 were considered statistically significant. The data were presented as mean *
standard deviation (SD).

3 Results and Discussion

3.1 Characterization of formulations

3.1.1 Invitro release testing

IVRT was performed for 24 hours. Within the first six hours, steady-state condition was
assumed to be upheld and the fluxes for the three formulation were calculated using square
root t kinetics [13]. In figure 1, the amount of tofacitinib in the receptor compartment per area

(ng/cmd) is depicted as the function of time (min/?).

The flux, lag time and amount of released tofacitinib after 6 hours for each of the three

formulations are presented in table 2. The largest flux was obtained for the gel and the lowest
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for the C2 cream. A significant difference in the amount of tofacitinib released after 6 hours

was found between the gel and the C2 cream (p=0.0003).

3.2 Exvivo penetration and permeation

3.2.1 HPLC-MS/MS analysis of tofacitinib in epidermis, dermis and receptor media

The penetration and permeation of tofacitinib are visualized in figure 2a and b. The
penetration data showed the highest accumulated amount of tofacitinib in epidermis and
dermis was achieved for the C1 cream after 5 hours with a recovered dose of 1.9 % % 0.2%
(n=3) and after 24 hours with a recovered dose of 6.8 % + 4.2% (n=3). The lowest recovered
dose in dermis and epidermis was measured for the gel-treated samples were tofacitinib was
only detected in the epidermis with a recovered dose of 0.8 % + 0.4 % (n=3) after 24 hours.
One data point of the tofacitinib concentration in the epidermis for a sample treated with the
C2 was removed due to insufficient tape-stripping which resulted in 22 times higher
recovered tofacitinib content in the epidermis than the other two biological replicates. The
recovered dose of tofacitinib in dermis and epidermis for the C2-treated samples after 24
hours was determined to 1.4% + 0.2% (n=2, after the exclusion of outlier). At 5 and 24 hours,
a significant difference was found between the gel and the Cl-treated samples (ps
hours=0.0338 and p24 hours=0.0219), whereas, the difference between the other formulations

showed to be non-significant.

In contrast to the penetration data, the permeation data in figure 2b showed that the highest
recovered amount of tofacitinib was achieved for samples treated with the aqueous gel and
the C2 cream. For the samples treated with C1, tofacitinib was only detected in the receptor
media for one cell after 24 hours with a recovered amount of 1.3 %. For the samples treated
with C2 and the aqueous gel, tofacitinib was detected after 24 hours in two out of three cells
with a recovered amount of 7.4% + 7.9% (n=3) for the samples treated with the C2 and 6.9 %

+ 6.1% (n=3) for the samples treated with the aqueous gel.

3.2.2 MALDI-MSI analysis of tofacitinib distribution

The epidermal thickness was determined for the skin donors with an average thickness of 40-
60 um measured from the H&E stained skin sections. An epidermal marker found at m/z
365.3 and tentatively assigned to a cholesterol-related peak that had undergone fragmentation
in the ion source resulting in a proposed structural formula of C27H [M+H]". The epidermal

marker found in the MALDI images had a similar appearance as the epidermis from the H&E
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staining with a thickness of about 1-2 pixels (relative to 60-120 um) as seen in figure 3. Thus,
the epidermal marker visually appears slightly thicker on the MALDI images than the H&E
staining. However, with a pixel size of 60 um, there is an uncertainty associated with the
thickness of the epidermal marker compared to the high resolution of the microscopic
examination of the H&E stained tissue.
The spots of IS had an approximate diameter of three pixels relative to a diameter of
approximately 180 um. This was comparable to the microspot diameter of approximately
0.16 mm (area of 0.019 + 0.0027 mm? and 0.021 + 0.0028 mm?) obtained by Russo et al.
where the diameter was optically measured on microspots of the gentian violet dye on a
living skin equivalent [9].

3.2.3 gMsl

The normalization of the mean intensity of tofacitinib to the IS improved the linearity of the
standard curves as seen in figure 4, where the mean intensity of tofacitinib and the mean
intensity ratio of tofacitinib and IS were plotted as a function of the concentration of the
microspotted droplets. Implementation of internal standards in gMSI is a widely used method
to compensate for variabilities in sample preparation and the matrix-analyte ratio [8]. An
important consideration when using an internal standard for gMSI is to select an IS that
resembles the analyte in terms of molecular weight, solubility and similar ionization
efficiency [1]. In this case, a stable isotope of the analyte was chosen and demonstrated to be
efficient for improving the linearity of the standard curve. Similar observations have been
reported, for instance, by Kallback et al. where normalization to a stable isotope standard was
performed by depositing the analyte on top of control tissue before spraying the matrix

solution containing the deuterated standard on the surface of the sample [16].

For each MALDI analysis, a new standard curve was prepared to compensate for day-to-day
variation in terms of matrix application and instrumentation. The linear fit, R? showed a fit of
0.99-1.00 for the three datasets included in the quantification. A comparison of the three
calibrations showed minimal inter-day variation when the internal standard was used for
calibration. A LOD of 0.60 ng/mm? relative to 50.3 pg/g and a LOQ of 2.01 ng/mm? relative

to 168 pg/g were determined based on the calibration data.

The results from the HPLC-MS/MS analysis showed that the content of tofacitinib recovered
in the epidermis was lower in the samples treated with gel and C2 compared to the samples
treated with C1 (figure 2a). This was mirrored in the MALDI-gMSI data, where the signal of
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tofacitinib in most samples treated with gel and C2 were below LOQ and often also below the
LOD. However, in a few of the microspots applied to the samples treated with gel or C2, the
signal of tofacitinib was above the LOQ and quantification in these microspots was possible.
In figure 5, a sample treated with C2 and a sample treated with the aqueous gel are presented;
the arrows mark the IS spots where the concentration of the permeated amount of tofacitinib
is high enough to be quantified. In these two spots, a concentration of 0.40 mg/g for the
samples treated with C2, and 0.47 mg/g for the samples treated with the gel were obtained.
The microspots provide a quantitative measure in the applied spots, however, in case of
inhomogeneous drug penetration, it is important to apply enough microspots to make an
accurate measure of the overall concentration in the epidermis. In this case, low penetration
of tofacitinib resulted in an overall quantity of tofacitinib in the epidermis below LOQ for the

sample treated with the gel and C2.

For the samples treated with C1, the epidermal content of tofacitinib in the MALDI images
was above LOQ and in figure 6 MALDI images of a sample treated with C1 for 5 and 24
hours are shown. The MALDI images of the sample show the epidermal marker, IS and
tofacitinib overlaid with the H&E stain. In the images, tofacitinib was observed in the

epidermis and upper dermis at 5 and 24 hours.

In figure 7, the concentrations for each microspot are presented with the contribution from
the IS for each biological replicate at 5 and 24 hours separated by a dotted line (n=3). One of
the biological replicates treated with C1 showed no signal of tofacitinib and was therefore
annotated in the figure as below LOD. A few of the microspots were excluded from the
quantification due to deposition outside the epidermis which was visually determined from
colocalization of the epidermal marker at m/z 365.3.
In figure 7, a rather large variation between the microspots was observed for some of the
biological replicates, and it was especially pronounced for the samples collected after 24
hours. The observed variation between the microspots could indicate heterogeneous skin
penetration which may be caused by biologic variation and skin appendages. The delivery of
other small molecules were studied by Barry et al. and D’Alvise et al. [17,18]. They both
suggested that the absorption of these compounds occurred via the appendageal pathway as it
was primarily located around hair follicles present near the epidermis [18]. Comparing this to
the data obtained for tofacitinib here, the skin distribution indicates a different route of
penetration as tofacitinib was primarily observed in the epidermis and not co-distributed with

the hair follicles which can be observed in figure 6. This could also be ascribed to limited
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sensitivity preventing the detection of tofacitinib at the hair follicles, even if it were present,
but another MSI study of tofacitinib (using a different MSI instrumentation and method)
suggest likewise that hair follicles do not play a significant role in the delivery of this drug
molecule with the used drug delivery systems [19]. Here, additional parameters such as
differences in physicochemical properties of the drug molecule and the drug delivery system
may affect the skin penetration, as well as, differences in the MALDI-MSI instrumentation
and ionization efficiencies of the molecules which affect the sensitivity of the analysis.
The skin penetration of tofacitinib has previously been studied using MALDI-MSI where
other formulations and dosing were applied, and here tofacitinib was also observed with the
highest abundance in the epidermis and the intensity of tofacitinib in dermis being dependent
on the applied formulation [20,21]. In line with previous observations, tofacitinib was
primarily located in the epidermis in the present study with only a few small clusters
scattered across the dermis. A direct comparison between the studies can, however, not be
performed as the differences in the experimental setup such as the amount of tofacitinib
dosed in the study, the drug delivery system applied, the skin tissue, as well as, the MALDI

instrumentation influence the results.

Mean intensities of tofacitinib and IS were extracted and the contribution from the non-
labelled impurity of the IS was subtracted. In figure 8, the content in each sample treated with
the C1 is compared to the adjacent biopsy analysed by HPLC-MS/MS. At 5 hours, one of the
biological replicates analysed by qMSI was below LOQ and, therefore, not included in the
figure. No statistical difference was observed between the means at 24 hours (p=0.70) for the
quantitative data obtained using HPLC-MS/MS and MSI. However, it should be noted that
the diameter of the microspots of 180 pum was larger than the thickness of the epidermis of
about 60 um which resulted in an actual quantification of the epidermis and the upper layers
of the dermis. Therefore, when the measured quantities by MALDI-gMSI were compared
with the epidermis extracts measured by HPLC-MS/MS, it was not expected that the
quantities would be completely equal but rather within the same range. However, no
significant difference was found between the two methods.
A difference in skin permeability was expected between the three different donors included in
the study due to biological variation between individuals and skin sites. However, this was
addressed by including skin from two donors for each of the three treatments. Hence it could
be observed if one of the donated skin sites behaved oddly. However, even though arm skin is

generally characterized as less permeable than abdominal skin [22] nothing indicated that the
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permeability of the arm skin was lower than the abdominal skin from the other two included
donors. In general, however, some variation is expected to be introduced by including the
three donors and this was therefore tried to be addressed in figure 7 and 8 by indicating each
biological replicate with a colour and shape for comparison of the HPLC-MS/MS and
MALDI-gMSI results.

The MALDI-gMSI and HPLC-MS/MS analysis of the samples resulted in comparable
quantitative amounts of tofacitinib. With MALDI-gMSI it was possible to detect local
variations in the drug penetration together with endogenous molecules to visualize tissue
attributes. The use of an acoustic microspotter for MALDI-gMSI has previously proven to
enable absolute quantification in the epidermis in living skin equivalents and the application
of the gMSI method is now further extended to the study of drug delivery to the epidermal
compartment of human skin. This demonstrates that this method, with high probability, could

be applied to any tissue model.

Previous experience has shown that manual deposition of droplets by pipettes resulted in
variations in the deposited volume and the diameter of the droplet [1]. Here, the acoustic
microspotter was used to create small reproducible droplets [9]. Acoustic microspotters may
not be available in all MSI laboratories, but similar devices such as the Preddator automated
spotter (http://reddandwhyte.com), which also handles nanoliter volumes have successfully
been applied in other studies [23]. Besides the high reproducibility of the automated spotters,
the small volumes make it possible to distinguish between compartments such as the
epidermis and dermis which will, for instance, require a lot of tissue using the mimetic tissue

model and larger areas would be required for manually spotted droplets onto control tissue.

In this study, epidermal concentrations of tofacitinib were of interest as its mode of action in
the treatment of psoriasis is blockage of the STAT phosphorylation in the keratinocytes
located in the epidermis [10]. Keratinocytes are known to undergo proliferation in stratum
basale, an epidermal layer before they migrate and differentiate up through the epidermal
layers until converted into corneocytes in the stratum corneum [24]. As the drug target is
located in the epidermis, high skin retention and low skin permeation are attempted to enable
STAT blockage in the epidermis and low systemic exposure. Therefore, as the C1
formulation was shown to retain tofacitinib in the skin it is considered likely that this
formulation may provide a larger pool of tofacitinib near to target and hence result in a better

bioavailability compared to the other formulations.
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Different in vitro release profiles and ex vivo penetration and permeation profiles of
tofacitinib were observed for the three formulations. IVRT addressed the differences in the
release between the formulations and is usually implemented to describe quality changes or
product sameness between formulation batches. The ex vivo skin penetration and permeation
study predicted the drug uptake and permeation through the skin without describing factors
such as clearance and metabolism which can only be investigated in in vivo studies [14,22].
This emphasizes that in order to optimise cutaneous drug delivery for the treatment of skin
diseases, different techniques should be applied to increase the understanding of the complex
interplay between the drug substance, the drug delivery systems and the properties of skin
compartment(s) in scope for a specific drug target.

4 Conclusions

In this study, the drug delivery of tofacitinib was thoroughly explored in an IVRT setup and
in an ex vivo skin penetration and permeation study using three different formulations where
the permeation was studied using HPLC-MS/MS and the penetration using complementary
analytical methods providing skin distribution analysis and quantification by MALDI-gMSI
and HPLC-MS/MS.
The IVRT confirmed different release profiles for the three formulations where the highest
flux was obtained for the aqueous gel and the lowest flux was obtained from C2. The ex vivo
skin penetration and permeation study in human skin showed that the highest concentration
of tofacitinib extracted from the skin was obtained with the samples treated with C1 whereas
the greatest permeation of tofacitinib was observed for the samples treated with the aqueous
gel. This demonstrates that interactions from the skin barrier influence the drug delivery of

tofacitinib compared to the permeation over artificial membranes included in the IVRT study.

The MALDI-gMSI method used to quantify the epidermal concentrations in this study was
developed for living skin equivalents but was successfully transferred to a more complex
matrix, human skin. The linearity of the standard curves was improved by normalising the
signal of tofacitinib to the signal of the IS compared to the signal of tofacitinib alone.
Epidermal extracts analysed by HPLC-MS/MS showed similar results to the MALDI-gMSI
analysis of the samples treated with C1. The skin distribution of tofacitinib visualized by
MALDI-MSI showed that tofacitinib was primarily detected in the epidermis. The samples
treated with the gel and C2 were below the LOQ using MALDI-gMSI except for a few
particular regions. The study demonstrates that MALDI-gMSI is a promising method to
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perform quantification and skin distribution investigations of the drug molecule and in
regions where the concentration of the analyte was sufficient high, the skin distribution
analysis made it possible to identify drug distribution and tissue features such as different

compartments of the skin, hair follicles and sebaceous glands.
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Tables

Table 1. Physicochemical properties of tofacitinib.

Physicochemical properties of tofacitinib

Molecular structure N H

N
Sum formula Ci16H20N6O
Monoisotopic mass 312.1699

Log D (pH=7.4) 1.9 [21]

pKa 1.6 and 5 [21]

Table 2. Flux presented as mean £ SD (n=6) along with lag time, amount released after 6

hours and the linear fit, R2.

Treatment

Gel C1 C2
Flux (ug/(min” cm?)) 90.9 +8.0 56.8 + 7.8 322+29
Lag time (min) 11 18 5
Released after 6 h (ug cm?) 1459 + 103 886 + 60 563 £ 59
R? 0.99 0.98 0.99
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Figures

Figure 1. The amount tofacitinib in the receptor compartment per area (ug/cm?) depicted as a

function of the square root of time (min*) (n=6).
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Figure 2. a) Penetration of tofacitinib in epidermis shown in magenta and dermis shown in
black at 5 hours (upper panel) and 24 hours (lower panel). At 5 hours, the total content of
tofacitinib in the skin is statistically different between the samples treated with C1 or the gel
(p=0.0338). Similar to the 5-hour samples, a statistical difference was again found between
the samples treated with C1 and gel after 24 hours (p=0.0219). b) The permeated amount of
tofacitinib is shown after 24 hours. Tofacitinib was only detected in one cell for the samples
treated with C1 after 24 hours. The samples below LOQ are presented as zero. The horizontal

lines show the mean values, and * indicates a statistically significant difference p < 0.05.
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Figure 3. H&E stained cross-section and MALDI images of the epidermal marker and spots
of IS using bicubic interpolation. In the bottom, an overlay of the ion images of the epidermal
marker in green and IS in red is presented using the nearest neighbour interpolation.

100 ym

Figure 4. a) MALDI image of microspotted calibration standards, b) the mean intensity of
tofacitinib and c) the mean intensity ratio of tofacitinib and IS plotted as a function of the
concentration of tofacitinib (ng/mm?) including the 95 % confidence band. The linear
regression for the mean intensity ratio is described as; mean intensity
ratio=0.0813[tofacitinib]+0.184 with a linear fit of R?=0.996.
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Figure 5. H&E stained tissue and overlay of ion images showing the epidermal marker 365.3
in green and tofacitinib in red. a) Skin cross-section treated with C2 cream and b) treated with
gel. Arrows marks spots above LOQ.
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Figure 6. Cross-section of skin treated with tofacitinib in C1 cream for a) 5 and b) 24 hours.
For each of the two cross-sections of skin a MALDI image of the epidermal marker, spots of
the IS and tofacitinib in the epidermis and upper dermis. The MALDI images are overlaid by

the H&E stain. Hair follicles were marked by an arrow.
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Figure 7. Concentrations (ng/mm?) of the individual microspotted epidermal spots are shown
for each biological replicate. The concentrations shown are not corrected with the
contribution of the non-labelled impurity from the IS. The magenta coloured points mark the
24-years old donor and the black the 62-years old woman. Some samples had fewer than nine
spots due to the spots not aligned with the epidermis. The alignment of the spots was checked
using the epidermal marker at m/z 365.3. The horizontal line for each biological replicate

indicates the mean value.
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Figure 8. Comparison of the quantitation of tofacitinib in the epidermis by MALDI-gMSI and
HPLC-MSMS. The magenta coloured marks the 24-years old donor and the black the 62-
years old woman. The dots, cubes and squares are used to distinguish the individual samples
and the shapes match the shape of the samples shown in figure 7. No statistical difference

was found between the two methods at 24 hours (p=0.70).
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