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ABSTRACT

Background: Intralesional bleomycin (BLM) administration by needle injection is effective for keloids
and warts but has significant drawbacks, including treatment-related pain and operator-depended
success rates. Electronic pneumatic injection (EPI) is a promising, less painful, needle-free method
that potentially enables precise and controlled dermal drug delivery. Here, we aimed to explore the
cutaneous pharmacokinetics, biodistribution patterns, and tolerability of BLM administered by EPI
in vivo.

Research Design and Methods: In a pig model, EPI with BLM or saline (SAL) were evaluated after 1, 48
and 216 hours. Mass spectrometry quantification and imaging were used to assess BLM concentrations
and biodistribution patterns in skin biopsies. Tolerability was assessed by scoring local skin reactions
(LSR) and measuring transepidermal water loss (TEWL).

Results: Directly after BLM injection a peak concentration of 109.2 pg/cm?® (43.9-175.2) was measured
in skin biopsies. After 9 days BLM was undetectable. EPI resulted in a focal BLM biodistribution in the
mid-dermal delivery zone resembling a triangular shape. Mild LSRs were resolved spontaneously and
TEWL was unaffected.

Conclusions: BLM administered by EPI resulted in quantifiable and focal mid-dermal distribution of
BLM. The high skin bioavailability holds a great potential for clinical effects and warrants further
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evaluation in future human studies.

1. Introduction

Bleomycin (BLM) is an antineoplastic agent used in dermatol-
ogy as off-label drug for the treatment of (recalcitrant) com-
mon warts, keloids, hypertrophic scars, and non-melanoma
skin cancer[1], [2]. These skin lesions are readily accessible
for intralesional treatment and require lower dosages of BLM
compared to intravenous treatment[1]. BLM’s mechanism of
action originates from its ability to bind and break DNA
strands via generation of free radicals by oxidation of iron
molecules, ultimately leading to cell cycle arrest and apoptosis
[3-5]. The large molar mass and highly hydrophilic properties
of BLM (1415 Da, LogP —7.5) precludes passive dermal uptake
after topical administration. Therefore, several mechanical and
energy-based administration techniques have been developed
to enhance the dermal drug delivery of hydrophilic macromo-
lecules [6-9].

The most commonly used mechanical drug delivery
technique for intralesional bleomycin treatment is the con-
ventional needle-syringe injections [1]. However, needle
injections are associated with important drawbacks such
as treatment-related pain and highly operator-depended
success rates. Energy-based devices offer great potential

to deliver drugs into skin in a less painful, more precise
and controlled manner, without the use of needles.
Electronic pneumatic injection (EPI) devices can facilitate
drug delivery by generating a high-velocity jet stream
exceeding 100 m/s that penetrates the epidermis and dis-
perses liquid drugs in its target tissue [10,11]. Factors that
influence jet penetration dimensions in the skin include
the velocity profile, fluid properties like viscosity, and
mechanical skin properties such as Young’s modulus (skin
elasticity)[12]. Advanced air-powered EPI devices allow for
the pre-defined selection of pressure and injection
volumes, offering tailored treatments with potentially bet-
ter dermal bioavailability. In addition, EPI can be used with
liguid formulations developed for conventional injections
with hypodermis needles allowing new applications to be
easily deployed such as dermal delivery of anesthetics,
vaccines and chemotherapeutics[11]. Moreover, EPI facili-
tates a sterile and safe treatment by using clean plastic
disposable nozzles.

Dermal drug delivery of BLM with EPI in living skin has not
been investigated previously. Therefore, in this study we
aimed to explore EPI-delivery of BLM by evaluating BLM skin
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concentration over time, biodistribution patterns and local
tolerability in in vivo pig skin to support future studies in
human subjects.

2. Materials and methods
2.1. Study design

BLM was administered by EPI in in vivo pig skin (Figure 1) and
followed-up after 1 hour, 48 hours, and 216 hours. An over-
view of sample sizes and evaluation methods is available in
Table 1. Cutaneous pharmacokinetics were quantified by
liquid chromatography-mass spectrometry (LC-MS).
Biodistribution patterns were visualized by matrix-assisted
laser desorption ionization imaging (MALDI-MSI). Local toler-
ability was clinically evaluated by grading local skin reactions
(LSR) and quantifying transepidermal water loss (TEWL) as
a measure for skin integrity.

2.2. Animals

The use of four female pigs (62-75 kg) was approved by the
Danish Animal Inspectorate (license 2017-15-0201-01204). The
study was conducted according to the Federation of European
Laboratory Animal Science Associations guidelines and fol-
lowed the Animal Research: Reporting In Vivo Experiments
(ARRIVE 2.0) guidelines. Two weeks before the start of the
study, the pigs were placed in a solitary confinement where
they could acclimate. The general anesthesia procedure on
study days 1, 2 (48 h) and 9 (216 h) was performed with
intramuscular benzodiazepine combined with inhalation of
isoflurane (2%). Anesthesia was maintained by isoflurane and
intravenous bolus of propofol [13]. Test sites of 2 x 2 cm were
evenly distributed along the spine and demarcated with
a black marker on each animal after carefully hair removal
using an electric razor (Figure 1 -A). After finalization of the
study, the animals were euthanized while under general
anesthesia with i.v. pentobarbital.

2.3. Formulation of bleomycin

BLM (batch 7K062C; Baxter; Deerfield; IL; USA) was diluted in
natrium chloride 0.9% (SAL) to a concentration of 15,000 IU/ml
[13,14].

Table 1. Overview study design
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Figure 1. Study design. Schematic illustration of the in vivo animal study
showing the investigated intervention of intradermal electronic pneumatic
injection with bleomycin. A) An in vivo pig model with along the spine
demarcated black test sites of 2 x 2 cm. B) Before injection, the jet injector
was placed perpendicularly on the skin surface. C) Cross-section illustration of
the jet injector tip on skin with the selected injection volume of bleomycin
(blue) loaded in the reservoir. D) During the injection phase, the high-velocity
jet stream of bleomycin penetrates the epidermis followed by vertical and
lateral dispersion into the mid-deep intradermal delivery zone, forming
a visible skin papule.

2.4. Electronic pneumatic injection

EPI with BLM or SAL was performed using an electronically
controlled pneumatic jet injector device (Enerlet 2.0;
PerfAction Technologies Ltd.; Rehovot; Israel) with
a pressure of 6 bar (device range: 2-6 bar) and injection
volume of 100 pL (device range: 50-130 pL) [13]. The device
uses compressed air as pressure source, produces jet stream

Drug delivery Mass spectrometry quantitation and imaging Tolerability
Interventions LC-MS (h) n = 6-8 MALDI-MSI (h) n = 1 LSRn=28 TEWLn =6
Description  BLM SAL 0 1 48 216 0 1 48 1 48 216 B 1 48 216
EPI + BLM + - + + + + + + + + + + + + o+ +
EPI + SAL - + - + - - - - - +  + + -+ o+ +
Total LC-MS n = 37 Total MALDI-MSIn = 3 Total LSR Total TEWL
n =48 n=42

EPI: Electronic Pneumatic Injection

BLM: Bleomycin

SAL: Saline

B: Baseline measurement of untreated skin

LC-MS: Liquid chromatography-mass spectrometry

MALDI-MSI: Matrix-assisted laser desorption/ionization-mass spectrometry imaging

LSR: Local skin reaction
TEWL: Transepidermal waterloss




velocities of up to 150 m/s and has a nozzle orifice diameter
of 200 pm’>. Single injections with EPl were provided per
square centimeter in the marked test sites and contained
1500 IU of bleomycin per 100 pL. A clear skin papule was
accepted as the end-point for intradermal drug deliv-
ery [15].

2.5. Tolerability assessment

Skin tolerability was assessed by comparing clinical local skin
reactions (LSR) at baseline, 1 hour, 2 days, and 9 days after EPI.
Erythema and edema were scored independently by two eva-
luators (LB and KH) using the OECD test scale (Draize scale; 0-4)
as described in previous studies (n = 48) [15-17]. Transepidermal
water loss (TEWL; g/h/m [2]) was measured using a Dermalab
skin analysis device with TEWL probe (Cortex Technology;
Hadsund; Denmark), representing skin barrier integrity (n = 42).

2.6. Sample preparation

The excised punch biopsies of 8 mm at the injection site were
snap frozen and stored at —80°C. For LC-MS, full-skin biopsies
were sliced in multiple parts, mixed with 1 mL phosphate-
buffered saline and disrupted with a tissue lyser (TissueLyser I,
Retsch, Haan Germany) [13,18,19]. The fluid was extracted
after centrifugation for LC-MS analyses. For MALDI-MSI ana-
lyses, the full-skin biopsies were sectioned with
a cryomicrotome and fixated on a microscope slide.

2.7. LC-MS quantification

A total of 37 punch biopsies were taken from the test areas for
LC-MS quantification and prepared as previously described
[13]. A Thermo TSQ Vantage triple-quadrupole mass spectro-
meter was used for LC-MS analyses in combination with
a Thermo Accela high-performance liquid chromatography
system (Thermo Fisher Scientific, Waltham, MA, USA). The
system was operated with a limit of quantification (LOQ) of
14.49 ng/ml. Eight-point calibration curves were created with
a 0.5 mg/ml BLM stock solution (Sigma-Aldrich Corp., St. Louis,
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MO, USA) and repeated pre- and post of sample list testing.
BLM B2 and BLM A2 were quantified in MRM mode using the
transitions m/z 713.5 -530.0 and m/z 708.0 - 4935,
respectively.

2.8. MALDI-MS imaging

Punch biopsies (8-mm) were taken from the test site for MALDI-
MS imaging at 0 hours (n = 1), 1 hour (n = 1) and 48 hours (n = 1),
and prepared as in a previous study [13]. AP-SMALDI5 and AP-
SMALDIT0 MALDI-MSI ion sources (TransMIT GmbH, Giessen,
Germany) mounted on a Thermo Q-Exactive Orbitrap mass spec-
trometer were used to perform MALDI-MS imaging at a mass
resolution of 140,000 at m/z 200 and a scan range of m/z 225-
1750. The analyzed biomolecules included BLM and skin lipids to
clearly distinguish the BLM spatial biodistribution pattern from
the surrounding skin. BLM B2 was detected at m/z 1425.5188 and
a skin lipid molecule at m/z 782.5670. Images were generated
using MSiReader version 1.02[20].

LC-MS and MALDI-MSI were validated prior to the study to
guarantee accuracy and reliability of the bleomycin analysis
methods.

2.9. Statistics

Descriptive data of LC-MS quantification and TEWL measurements
were presented as medians and interquartile range (Q1-Q3) and
separately tested by Mann-Whitney test. LSR data were normally
distributed and therefore presented as mean and SD and tested
by independent samples T-test. An alpha level of <0.05 was
considered statistically significant. SPSS version 25 (IBM
Corporation; Armonk; NY; USA) was used for statistical analyses.

3. Results

3.1. Cutaneous concentrations of BLM measured by
LC-MS

A total of 37 samples were analyzed with LC-MS. Skin biopsies
taken directly after EPI + BLM resulted in a peak BLM

Table 2. LC-MS quantification and MALDI-MSI of bleomycin delivery by electronic pneumatic injection in skin

Quantified (LC-MS)

Imaged (MALDI-MSI)

% of
maximum Spatial

Intervention Time ug/cm(3] IQR concentration* distribution
EPI + BLM 0h 109.2 (43.9- 175.2) 100.0% Superficial dermis

1h 63.5 (22.3-79.3) 58.2% Mid-deep dermis

48 h 25 (1.4-3.6) 2.3% Not detected

216 h 0.0 (0.0-0.7) 0.0% -
EPI + SAL 1h 0.0 (0.0-0.0) 0.0% -

*Percentage of maximum concentration calculated with the highest measured bleomycin concentration (EPI + BLM at 0 h).

EPI: Electronic Pneumatic Injection

BLM: Bleomycin

SAL: Saline

LC-MS: Liquid chromatography-mass spectrometry

MALDI-MSI: Matrix-assisted laser desorption/ionization-mass spectrometry imaging

IQR: Interquartile range (Q1-Q3)
IU: International units
Not imaged
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Figure 2. Box plots of bleomycin quantification by liquid chromatography-mass
spectrometry. Bleomycin concentration per cubic centimeter of skin visualized
as box plots with quartile boxes and min-max whiskers. EPI successfully deliv-
ered high concentrations of bleomycin in the skin directly after injection,
0 hours, and was completely cleared at 216 hours.

concentration of 109.2 ug/cm [3] (43.9-175.2; Table 2; Figure 2).
After 1 hour, the BLM concentration was 63.5 pug/cm [3] (22.3-
79.3). Over the following days, BLM concentrations significantly
decreased to almost undetectable: 2.5 pg/cm [3] (1.4-3.6;
p < 0.001) after 2 days and complete clearance from all skin
samples after 9 days. Control interventions (EPI + SAL) contained

Low

no BLM that was detectable by LC-MS quantification at 1 hour
(Table 2).

3.2. Biodistribution pattern visualized by MALDI-MS
imaging

A total of three samples were analyzed for intradermal deliv-
ery of BLM by EPI with MALDI-MS imaging (Table 2; Figure 3
A-B). The biodistribution patterns were similar between
0 hours and 1 hour. Directly after injection, BLM was distrib-
uted in a triangular pattern, which was primarily located at the
entry point of injection and spread out laterally in the papillary
dermis. A slightly wider and homogenous biodistribution pat-
tern was observed after 1 h, specifically from papillary to
reticular dermis. Two days following injection, BLM was not
visible in any of the skin samples (Figure 3 A, right panel).

3.3. Tolerability

Clinical evaluation of the treated test sites showed that EPI +
BLM resulted in mild LSR, primarily erythema and edema at
1 hour, that were close to completely resolved at day 9
(Figure 4). Compared to control intervention (EPI + SAL), BLM
treatment resulted in significantly higher LSRs at 1 hour, 2 and
9-days (p < 0.025). Skin integrity after EPI interventions, mea-
sured by TEWL, was not compromised for any time points
when compared to baseline (p > 0.05).

48 h

Bleomycin concentration

High

& Bleomycin
[ skin phospholipid

Figure 3. Skin samples showing bleomycin B2 and a skin phospholipid molecule visualized by mass spectrometry MALDI-MS imaging. A. Bleomycin biodistribution
patterns after 0 hours, 1 hour and 48 hours after administration by electronic pneumatic injection. White/yellow indicates the strongest bleomycin signal, whereas
black represents the lack of bleomycin detection. The colors illustrate the intensity of bleomycin signal per image. No direct comparison of bleomycin concentration
can be made between images. B. Focal distribution of bleomycin (pink) in the mid-deep dermal delivery zone administered by electronic pneumatic injection,

surrounded by untreated skin (phospholipid molecule; green).
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Figure 4. Tolerability assessment of electronic pneumatic injection. Clinical photography’s and bar graphs with error bars of erythema and edema scores
demonstrate mild local skin reactions at 1 hour after bleomycin (BLM) delivery by EPI, which were close to completely resolved at day 9. EPI with normal saline
(SAL) served as control. B. Boxplot presenting the median and interquartile ranges (and min/max whiskers) of transepidermal waterloss (TEWL), representing skin
integrity, after EPl with BLM or SAL. The horizontal line marks TEWL baseline measurement of untreated skin. No significantly difference was found in TEWL

compared to baseline for both interventions at all time-points.

4. Discussion

In this in vivo pig study, BLM delivery to the skin using
electronic pneumatic injection (EPI) was investigated for
the first time. We found that EPI successfully delivered
BLM in the dermis with the highest BLM concentration of
109.2 pg/cm [3] (43.9-175.2) using a pressure setting of
6 bar and 100 pL within the first hour of injection. As
expected, the peak concentration measured by mass spec-
trometry occurred directly after injection and slowly
decreased to an undetectable level after 9 days.
Interestingly, in our previous in vivo pig skin study, we
observed a 2-fold higher dermal BLM concentration of
210.9 pg/cm [3] (210.9-357.7) after needle injections with
the same volume and BLM concentration [13]. This could
partly be explained by an undelivered dosage of up to 20%
of the injection volume remaining on skin surface [21]. The
velocity of the liquid jet stream is approximately fifty times
faster than the volumetric rate of fracture of porcine skin,
causing backflow of the jet during injection visible as resi-
dual fluid on skin surface [22]. However, despite this small
loss of injection fluid, EPl was still able to deliver a high
dosage of BLM in a fast and standardized manner. To
determine the required dosage for a therapeutic effect, we
evaluated the intradermal dosages of BLM when adminis-
tered with EPI compared to the intravenous route of admin-
istration which is commonly used in dermato-oncology. At
eight minutes after intravenous administration with the

therapeutic dosage of BLM (15,000 IU m™2), an intratumoral
concentration of ~0.1 ug/g of BLM was measured leading to
significant clinical effects in head and neck cancer [23]. In
this study, EPI delivery of BLM (15,000 IU/ml; injection
volume of 100 L) resulted in a high intradermal concentra-
tion of 109.2 ug/cm [3], corresponding to ~100 ug/g,
directly after injection. By directly targeting the skin, EPI
drug delivery with a relatively low dosage leading to
a high dermal concentration could potentially result in
a better clinical response, while at the same time it could
reduce the risk of systemic adverse events.

Mass spectrometry imaging showed EPI to successfully gen-
erate a lateral and homogeneous distribution in the mid-deep
dermis. Similar biodistribution patterns were observed in ex vivo
pig skin studies immediately after EPI with aqueous solutions
[15,24]. Moreover, clear detection of BLM with MALDI-MSI sug-
gests that BLM molecules were unaffected by the high shear
stresses caused by the high-velocity jet stream and small nozzle
diameter of EPI [11]. In this study, a pressure level of 6 bar was
required to generate an immediate skin papule: EPI's clinical
endpoint for intradermal drug delivery [21]. The optimal device
settings, however, will vary depending on the tissue consistency,
clinical indication and treated anatomical location [15,21,24].
Tissue targets that are not easily penetrated and infiltrated by
needle injection, such as keloid scars, are therefore well-suited
for EPI's high-velocity jet injection [25].

All interventions were well-tolerated with only mild LSRs
that were close to completely resolved at the end of the study
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and skin integrity quantified by transepidermal water loss was
not compromised. EPI with BLM led to more prominent acute
LSR compared to EPI with no active substances. BLM provokes
an inflammatory process by inducing cell cycle arrest and
apoptosis, visible as transient acute LSR that could be related
to temporary mild pain sensation [5,26]. EPI alone, however,
also induced slight LSRs, probably as a result of the high-
powered jet-tissue interaction causing skin structure disrup-
tion, visible on confocal microscopy imaging as dermal
vacuoles and sup-epidermal clefting [15]. In comparison, we
previously showed that needle injection with SAL showed no
LSRs for up to 9 days [13].

The strengths of this study include the use of an in vivo
pig skin model to mimic vital human skin, evaluation of
bleomycin concentration over time and biodistribution pat-
terns with mass spectrometry and tolerability assessment.
Limitations of this study include the low number of mass
spectrometry imaging samples. In addition, systemic
adverse event monitoring was not performed. In a human
study, blood samples drawn 40 minutes after an intravenous
bolus of 30.000 IU BLM resulting in a blood concentration of
1.42 mg/ml [27]. Blood samples from living pigs 1 hour after
intradermal needle injections of =225.000 IU of BLM
resulted in a comparable concentration of 1.48 mg/ml [13].
In clinical practice, however, intralesional dosages usually do
not exceed 6.000 IU of BLM per treatment, making the risk
of systemic adverse events through percutaneous systemic
uptake highly unlikely [1]. Lastly, a reference intervention
group such as needle injection with bleomycin was lacking
that precluded direct comparison of EPI to other drug deliv-
ery techniques.

5. Conclusions

In conclusion, EPI with BLM results in a quantifiable and focal
mid-dermal spread of BLM in in vivo pig skin. Clinical evalua-
tion of LSR and TEWL indicates that the intervention was well-
tolerated. In addition, EPI enables needle-free drug delivery in
a fast and standardized manner, while providing tailored treat-
ments by selection of tunable settings such as pressure and
injection volume. The high bioavailability, tolerability and
ease-to-use administration technique indicate that BLM deliv-
ered by EPI holds great potential for clinical effects as derma-
tological treatment and warrants further investigation in
future human studies.
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