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a  b  s  t  r  a  c  t

Quantification  of pharmaceutical  compounds  in  skin tissue  is  challenging  because  of low  expected  con-
centrations,  small  typical  sample  volumes,  and the  hard  nature  of  the  skin  structure  itself.  This  review
provides  a  comprehensive  overview  of  sample  collection,  sample  homogenization  and  analyte  extrac-
tion  methods  that  have  been  used  to quantify  pharmaceutical  compounds  in  skin  tissue,  obtained  from
animals  and  humans,  using  liquid  chromatography-mass  spectrometry.  For  each  step  in the process  of
sample  collection  to  sample  extraction,  methods  are  compared  to discuss  challenges  and  provide  prac-
pectrometry
ermal
issue homogenization
ample preparation
ioanalysis
uantification

tical guidance.  Furthermore,  liquid  chromatographic-mass  spectrometry  considerations  regarding  the
quality  and  complexity  of skin  tissue  sample  measurements  are  discussed,  with  emphasis  on  analyte
recovery  and  matrix  effects.  Given  that  the true  recovery  of  analytes  from  skin  tissue  is  difficult  to assess,
the  extent  of  homogenization  plays  a crucial  role  in  the  accuracy  of  quantification.  Chemical  or  enzymatic
solubilization  of skin  tissue  samples  would  therefore  be  preferable  as  homogenization  method.
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(http://creativecommons.org/licenses/by/4.0/).
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. Introduction

Increased focus on target-site pharmacokinetics (PK) and phar-
acodynamics (PD) in drug development has led to a growing

nterest and demand for bioanalytical drug quantification in tis-
ues [1,2]. However, practical and ethical constraints, associated
ith the invasive sampling procedures required to obtain a sample,

estrict its applicability. Establishing target-site PK/PD relation-
hips for drugs is nevertheless important to assess and improve
rug target strategies [3].

The aim of this review is to provide a comprehensive overview
f general sampling methods and corresponding pre-treatment
nd extraction methods of skin tissue samples collected in in vivo
tudies for the quantification of small molecules through liquid
hromatography coupled to mass spectrometry (LC–MS). The mea-
urement of distribution of drugs from plasma into the skin has
linical importance e.g. in order to improve therapeutic strategies
or skin infections. Uptake of drugs in the skin is dependent on the
hysicochemical properties of the drug and the route of adminis-
ration used. Topical administration is effective for local treatment
f skin-related diseases, e.g. anthralin cream and topical steroids for
he treatment of psoriasis [4]. Systemic administration is e.g. used
n the application of oral fluconazole for the treatment of fungal
kin infections [5] or injection-based biologicals like adalimumab
or the treatment of psoriasis [6].

The invasiveness of skin sampling techniques as well as the
ature of the resulting skin samples has various implications for
he bioanalytical procedures to extract, detect and quantify ana-
ytes in these samples. Tissue samples are typically only small in
olume, which in turn requires a relatively low limit of quantifica-
ion of the bioanalytical assay compared to plasma samples. Skin
issue is classified as ‘hard’ tissue, meaning that samples require

ore powerful sample preparation compared to tissue classified
s ‘soft’ or ‘tough’ [2]. Moreover, releasing the analytes of interest
rom (sub)cellular compartments in these skin samples (stratum
orneum, epidermis and dermis layers) requires rigorous sample
re-treatment methods, which at the same time cause the release of
any other endogenous matrix components. Matrix effects, there-

ore, tend to be more pronounced in tissue samples compared to
lasma samples [7]. Determining the true recovery of analytes from
issue samples is also more challenging compared to plasma sam-
les [8]. Due to these factors, both ultra-sensitive bioanalytical
ethods, e.g. using liquid chromatography coupled to tandem mass

pectrometry (LC–MS/MS), as well as proper sample preparation
nd extraction methods are of pivotal importance for the analysis
f analytes in skin tissue samples.

As far as we know no other reviews have been published about
ample preparation of skin tissue samples for the extraction and
uantification of pharmaceutical compounds. This review further
laborates on bioanalytical considerations regarding the quality
nd complexity of tissue sample measurements.
. Methodology

Quantification methods of analytes in skin tissue samples
ncluding sample collection methods, sample pre-treatment and
extraction methods of the analytes were identified using a PubMed
database search, restricted to the English language, using the
following search terms for title and abstract contents: ((skin OR der-
mal) AND (liquid chromatography AND quantification AND mass
spectrometry OR bioanalytical OR lcms OR lc-ms OR lc-ms/ms OR
lcms ms  OR lc-esi-ms/ms OR lc-esi-msms OR lc-apci-ms/ms OR lc
apci ms  ms)) NOT (DNA OR proteomics OR immunologic techniques
OR peptides OR glycan OR permeation). If the title or abstract con-
tained information suggesting that skin tissue was  sampled from
in vivo experiments or clinical trials and was  used for the quantifi-
cation of analytes via LC–MS/MS, the publication was  included in
this review. Both animal and human studies were included, except
studies involving fish species because of significant differences in
skin structure compared to mammals. Studies that focused on pro-
tein analysis in skin tissue were excluded since sample preparation
is performed differently compared to small molecules. Given our
focus on samples from in vivo studies, in vitro and ex vivo studies,
such as permeation studies, were excluded from this analysis.

3. Results

The literature search resulted in 641 publications, of which 30
studies were identified as relevant and included in this review
(search date 19 March 2020). Included studies are comprehensively
summarized in Tables 1 through 3.

3.1. Skin tissue composition

The skin consists roughly of three different cellular layers, with
each their own function and cellular composition (Fig. 1). The out-
ermost layer of the skin tissue, the epidermis is covered by the
stratum corneum. The epidermis consists mainly (around 90%) of
keratinocytes and is responsible for the protection against environ-
mental hazards, like infections [9,10]. Underneath the epidermis
lies the dermis, which is connected through fibers known as the
basement membrane. The dermis is more complex than the epider-
mis  as blood vessels, sweat glands, hair follicles and nerve endings
are in the dermis and not in the epidermis, broadening the range
of cell diversity. Underneath the dermis lies the hypodermis which
consists of subcutaneous fat.

3.2. Sample collection methods

Skin tissue samples are typically obtained by three different
methodologies with variable levels of invasiveness: tape stripping
(Section 3.2.1) can be considered less invasive, while skin punch
biopsies (Section 3.2.2) and shaving methods (Section 3.2.3) are
more invasive. Applying these different methodologies result in
the isolation of different skin layers. For some applications the
dermis and epidermis should be separated (Section 3.2.4) before
sample homogenization can take place to release the analytes

from the biomatrix. Other methodologies to determine in vivo
skin drug concentrations, such as microdialysis techniques, do not
involve sampling of skin tissue and are out of the scope of this
review.
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Table  1
An overview of homogenization methods for skin tissue samples described in the selected studies.

Homogenization method Homogenization
specifications

Sampling method Species Analyte Ref

Centrifugal precipitation Centrifugation and
supernatant extraction

Skin biopsy Mouse Digitoxigenin [32]

Mechanical
rotor-stator
homogenization

Cutting Skin biopsy
Pig

Levamisole [40]
Clavulanic Acid [50]

Mouse
Gefitinib [41]
Capsaicin [38]

Rotation by tissue
tearer

Stratum corneum tape
stripping and skin
biopsy

Rat Avobenzone [42]

Skin biopsy

Chicken Ampicillin [43]
Human Pegcantratinib [28]
Rat  Diclofenac [35]
Human and rat Tigecycline [31]

Pulverization and grinding Mortar and pestle Skin biopsy Human 5-Methyltetrahydrofolate [29]

Bead  homogenization
– Skin biopsy

Pig
Lidocaine and
2,6-Dimethylaniline

[20]
10  stripping tapes with
stratum corneum

1.8- and 2.4-mm beads Separation of dermis
and epidermis by
temperature
incubation

Human LEO 29102, Tofacitinib,
Ruxolitinib and Tacrolimus

[22]

0.9–2.0 mm beads Skin biopsy Rat Diclofenac [35]
Chemical/enzymatic
solubilization

2M  ammonium
hydroxide in 30%
hydrogen peroxide

Separated dermis and
epidermis using 1 M
NaCl incubation

Human Eumelanin and
Pheomelanin

[24]

Collagenase in HEPES
buffer

Skin biopsy Rat Diclofenac [35]

 of hu

3

p
o
fi
s
T
t
[
a

Fig. 1. A cross-section

.2.1. Tape stripping method
Dermal tape stripping is performed using stripping tapes with a

re-specified surface area that peel off superficial layers of the skin
f subjects by applying pressure (Fig. 2). It is used for the identi-
cation or quantification of analytes in the stratum corneum. The
tratum corneum is peeled away using a number of tapes [11,12].

he tapes are weighed prior to and after the stripping procedure
o assess the amount of skin tissue adhering to each tape strip
13]. Commonly, the stratum corneum is stripped, while the dermis
nd epidermis remain. A typical amount of skin tissue obtained by
man skin tissue [65].

skin-stripping tapes from washed skin is approximately 50 �g/cm2,
unwashed skin contains more debris which increases the typical
mass per cm2 [14–16]. Bioanalytical studies on tape strip samples
were used for human skin [17–19] and porcine skin [20] to quan-
tify 1,6-hexamethylene diisocyanate in relation to toxicity studies
in the skin, acetylaspartic acid and pyrrolidone carboxylic acid in

cosmetics, and lidocaine local anesthetics. Obtaining layers of skin
by dermal tape stripping is labor-intensive because the procedure
needs to be done by hand using numerous tapes combined as a
single sample. Analytes can be extracted from a stripping tape, e.g.
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ig. 2. Peeling off the stratum corneum using the tape stripping method [66].

y soaking the tapes in organic solvents followed by scraping the
orneocytes from the tapes [19], or by more rigorous methods like
ead homogenization of the tapes [17,18,20].

.2.2. Skin punch biopsy
Various techniques have been applied to obtain a skin biopsy,

hich is usually obtained under local anesthesia. The skin punch
iopsy is retrieved using a circular blade that ranges from 1 mm to

 mm in diameter that is rotated by manual force though the skin
ayers until the hypodermis (fat layer) is reached and is retrieved
y cutting through the subcutaneous fat layer (Fig. 3) [21]. The skin
unch biopsy is therefore cylindrical in shape. Typically, a 3 mm
unch biopsy is used to obtain the biopsy, after which the resulting
ound can be closed with a suture [21]. Smaller diameters often
o not require suturing. Bioanalytical studies on skin punch biopsy
amples were identified for human skin [22–24].

.2.3. Shaving methods
The shave biopsy technique is the most commonly used type

f skin tissue sampling because of its simplicity [25]. Depending
n the purpose, either a superficial shave biopsy or a saucerization
iopsy can be used. Both methods shave the skin using a blade
ith a variable depth. Superficial shave biopsies yield the epi-
ermis and the upper dermis, while saucerization biopsies yield

 full-thickness biopsy, including dermis and possibly a fraction
f subcutaneous fat [26]. Biopsies can be further categorized as
ncisional or excisional, for example removing a whole tumor is
onsidered excisional, while removing a portion of the tumor is
onsidered incisional. Such biopsies are usually taken with a scalpel
nd can be equally deep as skin punch biopsies, but lack the cylin-
rical shape [27]. Bioanalytical studies on shave biopsies were

dentified for both human [28–31] and animal skin [20,32–43].

.2.4. Separation of dermis and epidermis
For some bioanalytical applications, there is an interest in the

eparation of the epidermis from the dermis after skin biopsy col-

ection. This can be done by incubating the skin tissue for 1 h in
aline buffered water at 37 ◦C [44]. Other methods involve incu-
ation at 4 ◦C with enzymatic solvents containing trypsin [45] or
ispase [46] for 18 h and incubating for 72 h in 1M NaCl and phenyl-
Fig. 3. Skin punch biopsy method using a circular punch biopter [67].

methylsulfonylfluoride (PMSF, a protease inhibitor) at 4 ◦C [47].
After incubation, the epidermis and dermis are separated using
forceps.

3.3. Sample homogenization methods

Homogenization of the tissue samples is necessary in order
to release interstitial and intracellular analytes, prior to their
extraction and quantification. Various methodologies for the
homogenization of skin tissue have been described, aiming at a
high level of cell disruption and a homogeneous suspension of cell
constituents. The homogenization should ensure the transition of

the skin tissue to a semisolid/suspension state [48] and preferably
result in disruption of the cell structures. In total, 5 different homog-
enization methods were identified (Table 1), which are individually
discussed below. Homogenization methods should preferably be
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menable for high throughput and thus low in labor intensity and
eliable, illustrated by low inter-sample variability.

.3.1. Centrifugal precipitation
Precipitation is the simplest pre-treatment method with high

hroughput. A matrix is added to the skin and after mixing and
entrifugation, the supernatant is used for analyte detection and
uantification. Skin cell membranes are not disrupted by rota-
ional force, which may  lead to poor recovery of compounds that
re mainly distributed intracellularly/interstitially and are thus not
xtracted in the precipitation matrix. The sample homogenization
ethod has been used on mouse [32] skin biopsy samples using
ethanol/water (50/50, v/v) as matrix, the supernatant is then

onsidered the skin tissue homogenate. Reproducibility might be
ependent on the rotational force during centrifugation leading to
ariability in cell separation and analyte recovery [49].

.3.2. Mechanical rotor-stator homogenization
Mincing of skin tissue is performed by using, for instance, a

rater to cut skin tissue into a fine pulp. Rotational homogenization
s a combination of mincing and pulverizing, showing similarities

ith bead homogenization (discussed later). A fast-rotating head
hreds the skin tissue into smaller pieces using high-velocity rota-
ional and collision forces. This homogenization procedure can be
erformed using a rotor-stator homogenizer or mixer, typically in

 solvent such as blank plasma. Skin tissue has also been homog-
nized using less specialized equipment, such as a cutter-mixer, a
ommon kitchen appliance that has been used for bigger quantities
f skin tissue samples. Animal skin tissue samples from pig [40,50],
ouse [41], rabbit [38], rat [31,35,42], and chicken [43], as well

s human [28,31], have all been homogenized using this method.
he method of rotational homogenization is not always done high
hroughput since the speed depends on the size and thickness of
he skin tissue and is performed using one sample at a time but
t enables disruption of cell membranes by its high-velocity col-
isional force. In potential, a temperature-controlled environment

ill decrease variability in recovery given that the large accelera-
ion energies might result in high uncontrolled local temperature
ifferences, possibly affecting stability of the analyte.

.3.3. Pulverization and grinding
Pulverization and grinding are more conventional homogeniza-

ion methods and are performed using a tissue pulverizer or simply
 mortar and pestle. The method has been applied to frozen human
kin tissue samples from a full-thickness skin biopsy of which der-
is  and epidermis were separated from the stratum corneum [29].

 so-called Bessman tissue pulverizer makes use of a mortar and
estle, which fit tightly together to create a closed system. To

ncrease performance, liquid nitrogen or dry ice can be added to
he skin tissue sample in a tissue pulverizer and a hammer can be
sed to crush the frozen tissues into a powder-like form. Simple
ortar and pestle methods can also efficiently break small frozen

ieces of skin tissue to a powder form. This is performed sim-
ly with a pestle, grinding the frozen tissue into powdered form.
owdered skin tissue is suspended in solution for further analyte
xtraction. These methods are, however, highly labor-intensive and
equire extensive washing after each sample to prevent carryover
nd cross-contamination.

.3.4. Bead homogenization
Bead homogenization is a combination of grinding and centrifu-

ation. It is performed using stainless steel, zirconium or ceramic

rinding balls, available in various sizes, in combination with a
ysing solvent to disrupt the cells or plasma. Specialized cups and
entrifuges are used in combination with these beads. Through
igh-velocity collision forces, the beads grind and disrupt the cell
aceutical and Biomedical Analysis 191 (2020) 113590 5

membranes, potentially resulting in the release of intracellular
fluid. This methodology is commonly used for the homogeniza-
tion of soft tissue samples. Although it is likely less effective for
tough tissues, like skin, the method has been applied to human
[22] as well as pig [20], mouse [37] and rat skin tissue [35]. This
methodology can be considered versatile, as it can be applied to
any type of skin tissue sample (tape stripped skin, full-thickness
skin biopsy, and separated dermis and epidermis) and can be auto-
mated. The supernatant of the resulting homogeneous mixture is
used for further extraction of the analyte. Bead homogenization
is not labor-intensive and can be performed on multiple samples
simultaneously.

3.3.5. Chemical and enzymatic solubilization
Chemical solubilization of skin tissue has been achieved using

several techniques. Alkaline solvents can solubilize tissue struc-
tures due to hydrolysis mechanisms, while acidic solvents can lead
to oxidation of the tissue structures [51]. Alkaline solubilization
using 30% hydrogen peroxide in combination with 2 M ammonium
hydroxide has been applied to human skin tissue [24]. Chemical tis-
sue solubilization is typically performed under extremely high (e.g.
ammonium hydroxide in hydrogen peroxide [24] or quaternary
ammonium hydroxide compounds typically used in scintillation
studies) or low pH (e.g. aqua regia) conditions, which means that
the stability of analytes in these environments has to be assured.
Enzymatic digestion using collagenase has also been used as a
homogenization method and was  performed on rat skin tissue [35].
Both chemical solubilization and enzymatic digestion of the tissue
will, in theory, lead to a more complete release of intracellular and
interstitial fluids than any of the other homogenization methods.

3.4. Analyte extraction methods

Extraction and purification of analytes can be performed by
protein precipitation. This extraction procedure is conducted
by dispersing homogenized skin tissue samples in precipitation
agents, followed by centrifugation and separation of the super-
natant and precipitant. The following analytes were extracted
using this method: digitoxigenin [32], 4-n-butyl resorcinol [52],
desmopressin acetate [30], gefitinib [41], avobenzone [42], 1,6-
hexamethylene diisocyanate monomers and oligomers [17],
pegcantratinib [28], acetylaspartic acid [18], tigecycline [31] and
pyrrolidone carboxylic acid [19]. The solubility profile of the ana-
lyte determines the choice of sample collection homogenization
precipitation agent. Filtration is often an addition to protein pre-
cipitation, separating filtrate from the rest of the homogenate in
a semi-solid state. Solid particles will not pass the membrane of
the filter and the filtrate is collected. Ultrafiltration employs semi-
permeable membranes with specific molecular weight cut-offs,
which can be used as an analyte extraction procedure [53,54] and
can also be implemented for proteomic analysis [55]. Examples
of analytes in skin tissue that were recovered after ultrafiltra-
tion were clavulanic acid [50] (using 30 kDa cut-off filters),
2,6-dimethylaniline [20] (using 10 kDa cut-off filters), ampicillin
[43] (using 10 kDa cut-off filters). This extraction method was per-
formed on full-thickness skin biopsies, homogenized by cutting,
rotation by a tissue tearer and by bead homogenization meth-
ods. LLE or acid-base extraction methods have also been used
to retrieve the following analytes from full-thickness skin biopsy
homogenates and separated dermis and epidermis: capsaicin [38],
levamisole [40], dexamethasone acetate [30], indomethacin [39]
and diclofenac [35]. Centrifugal precipitation, cutting and bead

homogenization were used as homogenization methods prior to
LLE. SPE has been applied to skin tissue homogenates through
(analyte-specific) ion-exchange mechanics, e.g. using a strong
cation exchanger as stationary phase (levamisole [40] and lidocaine
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Table  2
Analyte extraction methods used in combination with different sample collection and homogenization methods for skin tissue samples.

Analyte extraction method Sample collection method Homogenization method Species Analyte Ref

Protein precipitation

Skin biopsy Centrifugal precipitation Mouse Digitoxigenin [32]
Stratum corneum tape
stripping, dermis and
epidermis

– Human 4-n-Butyl Resorcinol [52]

Skin  tissue
– Human Desmopressin Acetate [30]
Cutting Mouse Gefitinib [41]

Stratum corneum tape
stripping and skin biopsy

Rotation by tissue tearer Rat Avobenzone [42]

Tape stripped skin tissue – Human 1,6-Hexamethylene
Diisocyanate

[17]

Skin  biopsy Rotation by tissue tearer Human Pegcantratinib [28]
Tape stripped skin
tissue

– Human Acetylaspartic Acid [18]
Human Pyrrolidone Carboxylic Acid [19]

Skin  biopsy Rotation by tissue tearer Human & rat Tigecycline [31]

Ultrafiltration Skin  biopsy
Cutting Pig Clavulanic acid [50]
Bead homogenization Pig 2,6-Dimethylaniline [20]
Rotation by tissue tearer Chicken Ampicillin [43]

LLE/acid-base
extraction

Skin  biopsy
Centrifugal precipitation Rabbit Capsaicin and

Dihydrocapsaicin
[38]

Cutting Pig Levamisole [40]
Centrifugal precipitation Mouse Indomethacin [39]

Skin  biopsy Chemical/enzymatic
solubilization, bead
homogenization and
rotation by tissue tearer

Rat Diclofenac [35]

Skin  biopsy Cutting Pig Levamisole [40]
izatio
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solubilization

20]) or a weak anion exchanger (eumelanin and pheomelanin
24]). SPE is generally more labor-intensive compared to other
nalyte extractions; however, automated systems are available.
nalyte selectivity and specificity are usually high due to the wide
ariety of sorbents that are available and various washing steps,
roducing relatively clean final extracts. SPE was used for different
ypes of skin tissue samples; skin biopsies, and tape strips, either
rocessed by mincing, cutting or bead homogenization [20,40]. An
verview of analyte extraction methods of pre-treated skin tissue
amples is provided (Table 2).

.5. Matrix effects and recovery in skin tissue samples

The (sub-)cellular endogenous compounds released from the
issue cells during the homogenization procedures might give rise
o increased matrix effects when using mass spectrometry detec-
ion. Matrix effects are typically more pronounced and challenging
or tissue samples compared to plasma samples. Matrix effects and
xtraction recovery can be determined in multiple ways [2,7,56].
ample homogenization and analyte extraction methods may  influ-
nce the matrix effects and the recovery of the analytes of interest,
nd ultimately on the lower limit of quantification and/or repro-
ucibility of the analytical method. Therefore, we have focused on
eported matrix effects and recovery of analytes after skin tissue
ample collection, homogenization and extraction.

.5.1. Matrix effects
Matrix effects are changes in the analytical signal that most

ften result from competition of analyte and undetected co-
luting factors from the sample matrix, causing ion suppression or
nhancement compared to the analyte signal from non-biological
atrices [7,57,58]. This theory is widely accepted, yet the origin

nd mechanisms are not fully understood [57–60]. Matrix effects

re expressed as absolute matrix effect from the analyte peak area
r as normalized IS matrix effects from the analyte/IS peak ratio.
he skin tissue matrix consists of a diverse range of tissue con-
tituents (in the solid and liquid phase), leading to a heterogeneous
n Pig Lidocaine [20]
Human Eumelanin and Pheomelanin [24]

type of sample, in contrast to homogeneous plasma samples [7,9].
Increasing the complexity of the matrix may  in theory increase
matrix effects due to an increased diversity of endogenous sub-
stances in the sample, although this might be highly analyte- and
tissue-dependent [61]. Absolute matrix effects of biological sam-
ples are likely to decrease when increasing the sample cleanup
process steps such as extractions, as well as the separation power of
the LC system. Reported absolute or IS-normalized matrix effects
for the identified skin sample preparation methods appeared to
be minimal (Table 3), showing no absolute or IS-normalized matrix
effects for any of the reported homogenization/extraction methods
or skin sources [20,28,31,32,35,38,42]. This IS-normalized matrix
effect requires to be ≤15% CV in the validation of a bioanalytical
assay according to the U.S. Food and Drug Administration (FDA) or
European Medicines Agency (EMA) guidelines [62–64].

3.5.2. Recovery
Assessing the true recovery of analytes from tissue samples

is challenging as pre-extraction spiking of the matrix is compli-
cated, given that the analyte does not necessarily distribute to
the intracellular/interstitial space as it would do in in vivo set-
tings. Extraction recovery can be assessed by spiking tissue/plasma
homogenates prior to extraction and compare this to post-
extraction spiked matrix samples [8,62,64]. Establishing the overall
recovery from plasma samples is less challenging compared to
the overall recovery using tissue samples. Spiking analyte working
solution to tissue homogenates pre-and post-extraction might give
recovery from the extraction process but will not establish recovery
during the homogenization process. The real concentration inside
the tissue is unknown and the reproducibility of tissue sample
treatment remains unidentified, which means true recovery cannot
be determined. In pre-clinical studies, assessing true recovery could
e.g. be done by administering a radiolabeled analyte [3,8]. None of

the identified studies reported true recovery but rather established
extraction recovery by spiking the skin tissue homogenates with
analyte [17,20,24,28,31,32,35,38,39,41–43,50,62–64]. Centrifugal
precipitation sample pre-treatment in combination with several
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Table  3
Extraction recoveries and matrix effects established in the selected studies after applying different analyte extraction method and homogenization methods to skin tissue
samples. Matrix factors are shown as % or numerical as the literature stated.

Extraction method Homogenization method Extraction recovery IS-normalized
matrix effect

Absolute matrix
effect

Analyte Ref

LLE
Centrifugal
precipitation

70.7 %–78.6 % – 90.5 %–107 % Capsaicin
[38]

63.1  %–68.0 % – 91.2 %–107.2 % Dihydrocapsaicin
49.53 % – – Indomethacin [39]

Enzymatic digestion, bead
homogenization and
rotation by tissue tearer

64.5 %–68.4 % 0.90−1.10 0.97−1.02 Diclofenac [35]

SPE
Bead homogenization 78.2 %–98.0 % 0.99−1.06 1.06−1.14 Lidocaine [20]
Chemical solubilization 79.3 % – – Eumelanin and

Pheomelanin
[24]

Protein precipitation

Centrifugal precipitation 65.3 %–79.5 % – 90.3 %–104.1 % Digitoxigenin [32]

Mincing/Cutting/Rotation
by  tissue tearer

93.7 %–106.5 % – 93.5 %–110.4 % Avobenzone [42]
86.4  %–93.7 % 0.91−1.02 0.92−1.05% Pegcantratinib [28]
87.6  %–100.9 % – – Gefitinib [41]
92.2% – 94.5%-105.5% Tigecycline [31]

–  106−116% – – 1,6-Hexamethylene
Diisocyanate

[17]
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Ultrafiltration
Mincing/Cutting/Rotation
by  tissue tearer

95.5 %–102.2 % 

93.0% 

xtraction procedures resulted in the lowest extraction recovery
between 49.5 and 78.6%, Table 3), possibly due to a lack of tissue
isruption and subsequent absence of matrix constituents in the
upernatant. Adding analytes to non-homogenized samples for the
etermination of extraction recovery for a longer period could lead
o diffusion into the tissue cells by unintentional incubation. If the
issue sample is not properly disrupted afterward this might result
n an underestimation of extraction recovery. All the other homog-
nization methods led to extraction recoveries >78.2% (Table 3).

. Discussion & conclusion

This review provides a comprehensive overview of general
ampling methods and corresponding pre-treatment and analyte
xtraction methods for skin tissue samples collected in in vivo clini-
al and pre-clinical studies for the quantification of small molecules
hrough liquid chromatography coupled to mass spectrometry
LC–MS).

Skin tissue samples are collected using invasive sampling meth-
ds such as punch or shaving biopsies, while tape stripping is a less
nvasive methodology. After collection, skin tissue samples require
omogenization to disrupt the cell membranes of the skin tissue
ells to release intracellular and interstitial constituents [48]. Dif-
erent mechanical skin tissue homogenization methods have been
pplied, as well as chemical solubilization methods, e.g. using 30 %
ydrogen peroxide in combination with 2M ammonium hydrox-

de or enzymatic digestion methods using collagenase. Matrix
ffects and recovery experiments were conducted for skin tissue
omogenization methods in combination with analyte extraction
rocedures. In none of the studies, significant matrix effects were
bserved (C.V. > 15%), neither in terms of IS-normalized or absolute
nalyte response (Table 3). This might indicate that endogenous
onstituents from the skin matrix generally have no substantial
ffect on the absolute analyte response in bioanalytical assays.

Extraction recovery was on the other hand not always optimal.
kin tissue centrifugal precipitation as a homogenization technique
xhibited relatively low extraction recoveries compared to other
omogenization methods (Table 3). This could be caused by the
iffusion of the spiked analyte into the intact skin tissue matrix,
hich remains later unrecovered due to inefficient homogeniza-
ion. This tissue partitioning is dependent on physical chemical
roperties, indicating that recovery may  be highly analyte depen-
ent. Additionally, LLE demonstrated consistently relatively low
xtraction recoveries as well. Given the low extraction recover-
Mono/Oligomers
– Clavulanic acid [50]
– Ampicillin [43]

ies, either centrifugal precipitation as homogenization or LLE as
extraction, or a combination of both, are not recommended. No sub-
stantial difference in extraction recovery was found for the other
homogenization methods and extraction methods.

Disruptiveness of the skin tissue homogenization technique
appears defining for the extraction recovery but might also be
pivotal for the homogenization efficiency and thus true recovery.
While extraction recovery can be determined for the skin tis-
sue matrix, true recovery (including homogenization recovery) is
typically not possible to assess. It is therefore crucial that homoge-
nization efficiency is evaluated as much as possible by alternative
means, e.g. through visual inspection or by evaluating the recov-
ery of a known endogenous marker in the tissue, such as the
total amount of protein present after homogenization. However,
except from the tigecycline study [31], no other study in our review
reported on these aspects explicitly or mentioned the bias in true-
ness due to missing true recovery data. Chemical solubilization or
enzymatic degradation homogenization methods may  lead, theo-
retically, to the highest degree of homogenization or disruption of
the tissue and would, therefore, be preferred in terms of homog-
enization efficiency. Although true recovery cannot be assessed,
in theory these methodologies should result in a more complete
release of compounds from the interstitial and intracellular space.
However, stability of the analyte of interest under these conditions
must be assured. Stability, matrix effects and extraction recov-
ery need to be assessed, especially when chemical solubilizers
(extreme high/low pH) or elevated incubation temperatures (col-
lagenase) are used, which are necessary to completely homogenize
or dissolve the skin tissue. In addition, the compatibility of these
solubilizers with the subsequent extraction and chromatography
methodologies need to be fully evaluated. Method development
may, therefore, be more complex than for other sample preparation
methods.

Given that true recovery of the analyte of interest is difficult
to assess, emphasis should be given to the extent of homogeniza-
tion during the development of sample preparation and extraction
methods of skin tissue samples. Therefore, homogenization plays
a crucial role in the accuracy of quantification if the true recov-
ery cannot be evaluated. Chemical or enzymatic solubilization of
skin tissue samples is preferable, because of the complete release of

intracellular and extracellular components into the solubilization
matrix. The inability to assess true recovery may  lead to esti-
mations of the pharmaceutical compound concentration in skin
tissue instead of accurate quantifications. However, if the method
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s reproducible, it will be able to measure the relative distribution
f drugs from plasma into the skin and this is of clinical importance
o improve formulations or to optimize dosing strategies.
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