
Liora Bik

NEEDLE-FREE 

JET INJECTOR-ASSISTED 

DERMAL DELIVERY OF 

BLEOMYCIN

Paving the way to effective and minimal 
invasive treatment of keloidal scars





NEEDLE-FREE JET INJECTOR-ASSISTED

DERMAL DELIVERY OF BLEOMYCIN

Paving the way to effective and minimal invasive

treatment of keloidal scars

Liora Bik



Cover design by Marjolijn Goorden

Layout and printing by Optima Grafische Communicatie (www.ogc.nl)



NEEDLE-FREE JET INJECTOR-ASSISTED

DERMAL DELIVERY OF BLEOMYCIN

Paving the way to effective and minimal invasive treatment of keloidal scars

Naald-vrije jet injector-geassisteerde toediening van bleomycine in de huid

Een weg naar een effectieve en minimaal invasieve behandeling van keloïdale littekens

Proefschrift

ter verkrijging van de graad van doctor aan de

Erasmus Universiteit Rotterdam

op gezag van de rector magnificus

Prof. dr. A.L. Bredenoord

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

woensdag 25 mei 2022 om 15:30 uur

door

Liora Bik

geboren te Gouda



PROMOTIECOMMISSIE

Promotor Prof. dr. E.P. Prens

Overige leden Prof. dr. M.A.M. Mureau

Prof. dr. R. Rissmann

Dr. V.L.R.M. Verstraeten

Copromotor Dr. M.B.A. van Doorn

Paranimfen A.H. Bruin

M.M. Hermans



CONTENTS

Chapter 1 General introduction 9

Chapter 2 Bleomycin in dermatology 29

2.1 Efficacy and tolerability of intralesional bleomycin in 

dermatology: A systematic review

31

Chapter 3 Dermal drug visualization and quantification 99

3.1 Electronic pneumatic injection-assisted dermal drug 

delivery visualized by ex vivo confocal microscopy

101

3.2 In vivo dermal delivery of bleomycin with electronic 

pneumatic injection: drug visualization and 

quantification with mass spectrometry

117

Chapter 4 User and safety aspects 133

4.1 Clinical endpoints of needle-free jet injector treatment: 

a better understanding of immediate skin responses

135

4.2 Needle-free jet injection-induced small-droplet aerosol 

formation during intralesional bleomycin therapy

151

Chapter 5 Clinical perspectives for keloid treatment 165

5.1 Evaluations of needle-free electronically-controlled jet 

injection with corticosteroids in recalcitrant keloid scars: 

a retrospective study and patient survey

167

Chapter 6 General discussion 187

Chapter 7 English and Dutch summaries 203

7.1 Summary 205

7.2 Samenvatting 211

Chapter 8 Appendices

Abbreviations

List of co-authors

List of publications

About the author

PhD portfolio

Dankwoord

217

219

221

225

227

229

231





I’m always doing what I cannot do yet, in order to learn how to do it.

Vincent van Gogh

Almond Blossom

Vincent van Gogh (1853 – 1890), Saint-Rémy-de-Provence, February 1890
Oil on canvas, 73.3 cm x 92.4 cm

Van Gogh Museum Amsterdam (Vincent van Gogh Foundation)





Chapter 1

General introduction





11

General introduction

1
KELOIDAL SCARS

Keloidal scars or ‘keloids’ are benign nodular tumors of the skin caused by excessive 

fibroblastic proliferation as a response to local skin injuries such as trauma, acne, 

surgery or skin piercing (Figure 1).1 They are considered an inflammatory disorder 

due to chronic inflammation of the reticular dermis consisting of hyper activation 

of inflammatory cells and fibroblasts leading to increased collagen production and 

neovascularization.2 In contrast to raised hypertrophic scars, the fibrotic growths of 

keloids expand beyond the borders of the original trauma, invading the surround-

ing healthy skin. The occurrence rate of keloids differs per ethnic population, with 

the highest prevalence of 4.5-16% in individuals with dark skin tones of African or 

Hispanic descent, while keloids only occur in 0.09% of fair skin toned populations.3 

This suggests a potential genetic contribution to the occurrence of keloids, in addition 

to the reported inheritance of keloids within families.4

Keloids are associated with considerable negative effects on social, physical and psy-

chological well-being. Physical complaints such as tenderness, (severe) pain, pruritis, or 

burning sensation occur in the majority of patients.5 In addition, the physical appear-

ance of keloids is experienced as cosmetically disturbing and is an important reason 

for patients to seek treatment.1,6 In general, a high burden of disease is reported. 

Specifically, having itchy and painful keloids relates to low emotional and mental 

Health-related Quality of Life (HRQL), underlining the importance of an effective and 

tolerable treatment to relieve these symptoms.7

The strategy for keloid management depends on the specific phenotype and anatomic 

location of the scar. For minor to moderate keloids, first-line therapy includes multiple 

intralesional corticosteroids needle injections with a monthly interval.8 The low cost and 

response rates varying between 50–100%, makes this a suitable treatment for daily 

clinical practice. However, corticosteroid injections have several drawbacks such as the 

induction of severe pain related to the use of hypodermic needles, highly variable and 

operator dependent success rates, recurrences in 9-50% of patients and the risk of 

adverse reactions including skin and/or lipoatrophy and teleangiectasia.3 To improve 

effectiveness, corticosteroid injections have been combined with chemotherapeutic 

agents as 5-fluorouracil, however, recurrences and severe pain during injection still 

occur.9 Interestingly, even higher cure rates were observed for intralesional bleomycin 

needle injections compared to corticosteroids and/or 5-fluorouracil, although based 

on a limited number of studies.10 Other reported therapies include cryotherapy, pulsed 

dye laser therapy, pressure therapy and silicon sheeting. Surgical excision with corti-



Chapter 1

12

costeroids or brachytherapy is only recommended for severe refractory or large small 

based keloids given the high risk of recurrences.8

Thus, there clearly is a need for a more effective and minimally invasive treatment, 

that achieves high success rates in our keloid patients. In the next sections, we will 

elaborate on the implementation of advanced dermal drug delivery technologies for 

intralesional bleomycin therapy as a potentially new, more patient-friendly treatment 

for patients with keloid scars.

BLEOMYCIN

The cytotoxic antibiotic bleomycin, discovered in 1962 and first published in 1966, is 

approved for clinical use in the treatment of squamous cell carcinoma of the head and 

neck and germ cell tumours (Figure 2).11, 12 For oncological indications, it is administered 

by intravenous infusion because of poor oral absorption. The working mechanism is 

based on the induction of cell apoptosis where it binds to DNA via electrochemical 

attraction and cleaves the DNA strand by oxidizing metal ions to create free radicals.13 

In the skin, bleomycin induces apoptosis of keratinocytes and fibroblasts, and sup-

Figure 1. Examples of different phenotypes of keloid scars.
Top row left to right: keloids located on the chest, multiple acne related and hyperpigmented keloids in the shoulder re-

gion, erythematous keloid on the chest. Bottom row left to right: nodular keloid on the jawline, multiple erythematous 

and hyperpigmented keloid on the shoulder, claw shaped keloid on the shoulder. All patients have provided written 

informed consent for publication of their photographs.
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1presses collagen synthesis.14 Aside from elimination via renal excretion, bleomycin is 

metabolically inactivated by the enzyme bleomycin hydrolase.

In dermatology, bleomycin is used off-label for multiple indications including keloids, 

recalcitrant (common) warts and non-melanoma skin cancer. When administered in 

high intravenous cumulative dosages (> 400 U), bleomycin treatment may result in 

lung toxicity.15 However, since low dosages of 2-6 U are commonly used for intral-

esional treatments of skin diseases, only local skin reactions have been reported.16

To effectively deliver bleomycin in the skin, it needs to be actively transferred across 

the stratum corneum because of its large molecular mass (1415 Da) and high hydro-

philic (LogP-7.5) properties. Therefore, advanced dermal drug delivery techniques are 

required to reach adequate bleomycin concentrations in the skin.

ADVANCED DERMAL DRUG DELIVERY TECHNIQUES

The skin is the largest organ of the body and regulates immune responses to environ-

mental materials, avoids loss of endogenous substances, such as water, and serves as 

a protective barrier against external pathogens and allergens. The success of dermal 

drug delivery relies on the ability to effectively deliver drugs into the skin to reach 

therapeutic concentrations. The uppermost layer of the skin, the stratum corneum, 

is the most important barrier for drug delivery. It consists of corneocytes and a lipid 

and peptide rich matrix that exhibit selective skin permeability and, therefore, infl u-

Figure 2. Chemical structure of bleomycin.
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ence absorption of topically applied drugs.17-19 For intact skin, passive diffusion is 

only achieved for molecules with a low molecular weight (< 500 Da) and lipophilic 

properties (LogP: 1-3).20, 21 For this reason, only a limited number of (small) molecules 

are suitable for administration by topical application in a vehicle.

Over the recent years, alternative strategies have been developed to optimize dermal 

drug delivery, which can be divided in passive and active methods. Passive methods 

include chemical enhancers that increase drug uptake by targeting skin permeability 

such as fatty acids. By disrupting the intracellular lipid rich matrix in the stratum cor-

neum, chemical enhancers are added to drug formulas to optimize passive diffusion 

of small molecules (< 500 Da).22, 23 The challenge with chemical enhancers is that an 

increased skin permeability lead to increased skin irritation and toxicity.

Active methods optimize dermal drug delivery by enhancing permeation with an ex-

ternal (energy-based) driving force or by reduction of the skin barrier. These physical 

enhancement techniques have been developed because passive methods have often 

failed to adequately deliver larger, more hydrophilic molecules such as bleomycin to the 

skin. Highly investigated active methods can be categorized in mechanical, electronic 

and lasers-assisted techniques (Table 1). Conventional hypodermic needle injections, 

invented in 1844, are the most commonly used mechanical physical enhancement 

technique. Today, needle injections are used for (trans)dermal, subcutaneous, intra-

muscular and intravenous drug delivery because of several benefits, including ease of 

use, wide availability and low cost.24 However, needle injections also have important 

drawbacks such as (severe) pain during injection, risk of contamination, potential 

needle-stick injuries, and the induction of psychological distress in needle-phobic 

patients. Moreover, severely fibrotic keloid scars can be challenging to penetrate and 

infiltrate with hypodermic needles due to the high density of the lesion, limiting the 

local bioavailability and effectiveness of the injected drug. Given these limitations, 

minimally invasive, more patient-friendly mechanical drug delivery systems have been 

developed such as microneedles and jet injectors. Multiple microneedle patches are 

available of which solid, coated and dissolving microneedles have been investigated 

most frequently.25 Advantages of this technique include the relatively pain-free treat-

ment by only penetrating the epidermis, and the simple handling instructions which 

makes the delivery method suited for self-administration.26, 27 The main limitations 

are the low quantity of the drug that can be administered via this route as well as 

the uncontrollable injection volume and penetration depth. Needle-free jet injectors 

(NFI) can deliver relatively high injection volumes with the use of high-velocity jet 

streams that penetrate the epidermis and disperse liquid drugs into the dermal or 

subcutaneous layer.28 In keloids, NFI injection with 5-fluorouracil and corticosteroids 
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1have shown to be effective with low reported treatment-related pain.29 Interestingly, 

this technique can also be used for delivery of hydrophilic molecules with a large 

molecular mass such as bleomycin.

NEEDLE-FREE JET INJECTORS

NFI are used for non-invasive drug delivery of micro- and macromolecules and were 

developed as needle-free drug administration technique with minimal patient discom-

fort. In the 1960’s, NFIs were used in mass vaccination campaigns and insulin delivery, 

but technological advancements have widened the scope of NFI as a drug delivery 

technique for numerous clinical applications.

Historical development

The concept of NFI originated in the 1860s when the first report describing a jet injec-

tor called ‘aquapuncture’ was published (Figure 3).36, 37 In 1936, a patent was filed, and 

the first insulin self-injector was introduced in the 1940s.38 To rapidly vaccinate large 

Table 1. Examples of physical enhancement techniques for dermal drug delivery.

Type Technique Mechanism of action

Mechanical techniques

Needle injection24 Hypodermic needle/cannula-

syringe

Direct injection in target tissue

Microneedle25 Array of micron-sized (dissolvable) 

needles

Delivery of drugs in viable 

epidermis by penetration of the SC

Needle-free jet injection28 High-velocity jet stream Epidermis penetration with liquid 

jet stream followed by lateral 

dispersion in dermal tissue

Microdermabrasion30 Mechanical abrasion Removal of SC with mechanical 

exfoliates

Pressure31 Mechanical temporary pressure Transient permeabilization of SC 

as enhancer for passive diffusion

Electronic techniques

Iontophoresis32 Low-voltage electric current Ion movement through 

electrophoresis and electroosmosis

Electroporation33 High-voltage electric pulses (ms) Formation of cell membrane pores 

and/or disruption

Sonophoresis34 Ultrasonic energy (20-100 kHz or 

>3 MHz)

SC disruption through gaseous 

cavitations in intercellular lipids

Lasers

(Fractional) ablative laser-assisted 

drug delivery35

Fractional tissue ablation Array of ablation channels 

removing SC, epidermis and parts 

of dermis (depending on settings)

SC: stratum corneum
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populations, multi-use nozzle NFI were designed to vaccinate up to 1000 patients per 

hour using the same nozzle. In 1985, a major hepatitis B outbreak occurred as result 

of cross contamination of blood and bodily fl uids that led to discontinuation of multi-

use nozzle NFI usage, for this indication, by the World Health orginazation.39 Device 

modifi cation to reduce the risk of infection led to development for single-dose admin-

istration NFI and required sterilisation between treatment of patients. In the 1990s, 

disposable cartridge NFI with clean plastic nozzles for single-use were introduced that 

facilitated sterile treatment. The most recent technical advancements of disposable 

cartridge NFI enable single-use and tuneable settings for multiple purpose usage in 

clinical care like electronically-controlled pneumatic jet injectors (EPI, Figure 4).28

Working mechanism

NFIs generate a high-velocity liquid jet stream to penetrate the epidermis and deliver 

drugs usually in the dermal, subcutaneous or muscle compartment. The device is 

composed of three major components: i) a drug reservoir, ii) a nozzle (orifi ce diameter 

of 50-360 µm) and iii) a pressure source to generate the high-velocity jet stream 

by driving a piston (120-200 m/s). The driving force is most commonly generated 

by expanding gas (e.g. CO2 or N2) or air, or by release of a compressed spring.28, 40 

Other available techniques include Lorentz actuators, piezoelectric actuators, lasers 

and shockwaves to pressurize the jet stream.41

The jet penetration mechanism is based on puncture of the skin through erosion 

and deep vertical penetration leading to skin rupture, after which the jet disperses 

laterally.42, 43 A peak pressure is formed during the initial injection phase to puncture 

and penetrate the skin. The jet velocity drops during the second injection phase for 

optimal intradermal dispersion and drug absorption.

Figure 3. Drawing of a jet injector in 1866.37
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Figure 4. Schematic illustration of electronically-controlled pneumatic jet injection (EPI) in healthy hu-

man skin. A) Prior to injection, the drug reservoir is filled with the injection fluid (containing the drug) 

and the hand piece with nozzle tip is placed perpendicular on the skin. The hand piece is connected to 

the pressure source (e.g. compressed air) via a flexible tube (not illustrated). B) Vertical cross-sectioned 

illustration of the nozzle tip with the pre-selected injection volume in the cylinder (blue) before injection, 

and C) during injection. Acceleration of the piston drives the fluid through the small nozzle tip, generat-

ing a high-velocity jet stream that pierces the epidermis, after which the jet stream decelerates in the 

dermis and the injected fluid disperses in lateral direction.
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Factors influencing jet injector-assisted drug delivery

Evaluation of jet injection is based on the following outcome measures: biodistribu-

tion pattern, penetration depth, dispersion dimensions and local skin reactions. The 

factors that influence these outcomes are the jet stream velocity, chemical properties 

of the drug, viscosity of the injected fluid and skin characteristics (Figure 5).41 The 

Young’s modulus is a measure of the elastic property of the skin, in which a high 

modulus indicates non-elastic tissue, which is more difficult to penetrate with NFI.44 In 

contrast to skin factors, jet velocity can be modified in modern EPI through adjustment 

of the pressure and injection volume, affecting the penetration biodistribution pat-

tern and dispersion dimensions.43, 45 In addition, fluids with low viscosity like normal 

saline solutions, disperse more laterally compared to fluids with high viscosity such as 

hyaluronic acid.46 Depending on the target tissue, the jet and drug parameters can be 

selected to obtain the desired clinical results.

Clinical applications

In dermatology, NFI have been used for intralesional injections to treat localized der-

matologic conditions. Device parameters are usually selected to achieve the highest 

dermal drug concentration in a standardized manner. A multitude of clinical studies 

and case series have reported the clinical efficacy of small- and macromolecule drug 

administration using NFI while minimizing patient discomfort. More specifically, a 

study investigating NFI delivery of bleomycin using a mechanical jet injector showed 

high efficacy as intralesional treatment in keloids, hypertrophic scars and common 

warts.47, 48 Moreover, triamcinolone acetonide combined with 5-fluorouracil has also 

shown favorable results in the treatment of keloids, fibrotic lesions that are difficult 

and painful to penetrate by conventional hypodermic needle injection.29 Other in-

vestigated dermatologic indications that were explored using NFI are corticosteroid 

monotherapy as treatment of alopecia areata, granuloma annulare, necrobiosis li-

poidica and nail diseases.49-51 NFI delivered botuline toxine has been shown to improve 

palmoplantar and axillar hyperhidrosis with minimal patient discomfort.52 Also, NFI 

Figure 5. Overview of factors influencing jet injector-assisted drug delivery.41



19

General introduction

1with anesthetics such as xylocaine resulted in sufficient anesthetic effects for dermal 

surgical procedures in adults.53 In dermato-oncology, 5-Amino-Levulinic-Acid (5-ALA) 

administered with NFI in combination with photodynamic therapy led to high cure 

rates in non-melanoma skin cancer.54 Lastly, good esthetic results were achieved with 

NFI-assisted hyaluronic acid delivery as treatment for wrinkles and atrophic scars.55, 56

EXPERIMENTAL AND CLINICAL METHODOLOGY

Exploration of cutaneous drug-containing liquid administration with EPI consists of 

conducting a series of experimental, translational and clinical studies. In this thesis, 

state-of-the art imaging techniques have been employed in experimental animal stud-

ies and ex vivo human studies to provide a basic understanding of how a bleomycin-

containing liquid delivered by EPI is distributed in the skin.

Ex vivo confocal microscopy uses both reflectance and fluorescence confocal optical 

systems to provide high-resolution images of excised skin samples.57 In a few minutes, 

images with H&E-like colourization are produced with a lower risk of artifacts seen 

during histology tissue processing such as fixation or staining artifacts.58 Although 

mainly investigated as clinical application for intraoperative control of skin tumour 

margins during Mohs micrographic surgery, ex vivo confocal microscopy enables rapid 

and high-resolution evaluation of cutaneous biodistribution of EPI when a fluorescent 

agent (e.g. acridine orange) is injected. For direct cutaneous bleomycin visualisation 

and quantification, however, other technologies are required.

Liquid chromatography-mass spectrometry can analyse bleomycin molecules in a 

liquid sample and provides exact quantification of the cutaneous concentration.59 

Comparably, matrix-assisted laser desorption/ionization mass spectrometry imaging 

of skin sections with EPI injection with bleomycin reflect the true spatial distribution in 

terms of bleomycin intensity, although without providing exact drug concentrations.60 

These techniques have been investigated in in vivo pig skin to visualize and quantify 

bleomycin dermal drug delivery with EPI in time and in place.

In continuation, translational studies evaluating the user and safety aspects of EPI-

assisted drug delivery of bleomycin from a clinical point of view was lacking in the 

pertaining literature. Ex vivo examination of EPI with a brightly coloured dye in human 

skin can be explored with a high-speed camera or by evaluation of local skin reac-

tions.46 In this thesis, the latter was used to clearly define relevant clinical endpoints as 

viable tool to select EPI parameters in clinical practice. A state-of-the-art 3D-camera 
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was used to capture and computerize the skin papule volume directly after injection 

and the residual surface fluid was measured with a pipette. These local skin reactions 

were related with the intradermal biodistribution dimensions and subcutaneous dye 

deposition assessed by macroscopic evaluation after surgical excision at the entry 

point of injection.

In addition, ensuring the safety of healthcare personnel and patients during EPI treat-

ment with chemotherapeutic agents such as bleomycin is of crucial importance for 

clinical implementation. Previous high-speed camera recordings of EPI on ex vivo skin 

showed direct splash back and backflow of the jet stream during injection (Figure 6). 

Inhalation of bleomycin aerosols must be prevented due to the risk of lung toxicity. 

Therefore, in order to provide safety recommendations for clinical practice, aerosol 

production in relation to air ventilation was explored with the use of a handheld 

particle counter.61

The next step towards clinical implementation was to evaluate EPI for the treatment 

of keloid scars in routine clinical practice. Since the selected EPI device used for our 

studies already obtained a CE-marking for corticosteroid injections in scars, EPI with 

corticosteroids was implemented as new treatment option for patients with recalci-

trant keloids in our out-patient clinic. A retrospective cohort study that focused on 

the real-world effectiveness, tolerability and patient satisfaction of EPI treatment was 

performed. Further evaluation of EPI with bleomycin as treatment for keloid scars will 

be addressed in a forthcoming randomized clinical trial using high-quality imaging 

techniques, but is beyond the scope of this thesis.

Figure 6. Jet stream impact and splash back of needle-free pneumatic injection on ex vivo human skin 

observed with high-speed camera recordings (unpublished data).
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AIMS AND OUTLINE OF THIS THESIS

The main objective of this thesis was to explore an innovative drug delivery method 

in order to achieve a more effective, minimally invasive and patient-friendly treatment 

for patients with keloid scars. The thesis entails studies characterizing EPI-assisted 

drug delivery of drug-containing liquids in ex vivo, in vivo pig and human skin models 

as well as translational studies exploring its user and safety aspects for application in 

daily clinical practice. Finally, a real-world clinical study was conducted, exploring the 

effectiveness, tolerability and treatment satisfaction of EPI-assisted drug delivery of 

corticosteroids in patients with recalcitrant keloids.

CHAPTER 2

The second chapter of this thesis broadly describes the current clinical evidence for 

bleomycin as intralesional treatment for skin diseases. In chapter 2.1 we summarized 

the available data on intralesional bleomycin treatments in dermatology by means of 

a systematic review and methodological quality assessment.

CHAPTER 3

The third chapter describes the pre-clinical EPI investigations on drug delivery charac-

terisation and pharmacokinetic profiles of bleomycin-containing liquids in an in vivo 

pig model. Chapter 3.1 describes an ex vivo pig study that explored the dermal drug 

distribution, skin architecture alterations and visible clinical endpoints of EPI-assisted 

drug delivery using ex vivo confocal microscopy. In chapter 3.2, we characterized 

the distribution patterns, cutaneous pharmacokinetics and tolerability of bleomycin 

administered with EPI in vivo.

CHAPTER 4

In the fourth chapter, translational studies on clinically relevant user and safety aspects 

of EPI for daily practice are described. In chapter 4.1, the clinical endpoints of needle-

free jet injection treatment are described. These endpoints may guide physicians to 

choose optimal device settings in clinical practice. Chapter 4.2 describes small-droplet 

aerosol formation produced by needle-free jet injection devices in relation to air ven-

tilation and provides safety recommendations for clinical practice.

CHAPTER 5

The last chapter of this thesis describes the clinical perspective of EPI treatment in 

daily clinical practice. In chapter 5.1, the effectiveness and tolerability of EPI with 

corticosteroids in recalcitrant keloids was evaluated in a retrospective cohort study. 

In addition, a patient survey was conducted to explore the patient experience and 
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treatment satisfaction of EPI-assisted intralesional corticosteroid treatment in our out-

patient clinic.
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ABSTRACT

Background and objectives

Electronic pneumatic injection (EPI) is a technique for dermal drug delivery which is 

increasingly being used in clinical practice. However, only few studies have reported 

on cutaneous drug distribution and related clinical endpoints. We aimed to visualize 

the immediate cutaneous drug distribution, changes in skin architecture and related 

clinical endpoint of EPI.

Materials and methods

Acridine orange (AO) solution was administered to ex vivo porcine skin by EPI at 

pressure levels from 4 to 6 bar with a fixed injection volume of 50 µl and nozzle size 

of 200 µm. Immediate cutaneous distribution was visualized using ex vivo confocal 

microscopy (EVCM). Changes in skin architecture were visualized using both EVCM 

and H&E-stained cryosections.

Results

The defined immediate endpoint was a clinically visible papule formation on skin. The 

pressure threshold to consistently induce a papule was 4 bar, achieving delivery of 

AO to the deep dermis (2319 µm axial and 5944 µm lateral distribution). Increasing 

the pressure level to 6 bar did not lead to significant differences in axial and lateral 

dispersion (p=0.842, p=0.905; respectively). A distinctively hemispherical distribution 

pattern was identified. Disruption of skin architecture occurred independently of pres-

sure level, and consisted of sub-epidermal clefts, dermal vacuoles and fragmented 

collagen.

Conclusions

This is the first study to relate a reproducible clinical endpoint to EPI-assisted im-

mediate drug delivery using EVCM. An EPI-induced skin papule indicates dermal drug 

delivery throughout all layers of the dermis, independent of pressure level settings.
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INTRODUCTION

The skin functions as an effective barrier against external influences. When intending 

to deliver drugs intradermally, conventional syringe-needle injection is the standard 

of care technique to overcome this barrier. Despite their low cost, wide availability 

and ease of use, needle injections have several disadvantages including pain, needle-

phobia (24% of adults1) and the risk of needle stick injuries. To overcome these 

restraints, other physical delivery techniques have been developed to provide effec-

tive intradermal drug-delivery2. These techniques include laser-assisted drug delivery, 

microneedling, electrochemotherapy, iontophoresis and jet injectors3-7.

Jet injectors are needle-free injection devices that can deliver liquids into the skin 

using a high-pressure stream. The recently introduced next-generation jet injectors are 

electronic pneumatic injection systems which dispense fluids into the skin via acceler-

ated, compressed gas. This minimally invasive and needle-free technique reduced oc-

cupational hazards, while providing drug delivery into the dermis leaving only a small 

entry point in the epidermis and a visible papule on the skin8. While the EPI device is 

more expensive and larger than spring-loaded jet injectors, clinical advantages of EPI 

include adjustable settings (pressure level and volume), ease of use in an outpatient 

clinic, minimal patient discomfort, and disposable nozzles and syringes to prevent 

contamination9.

Optical imaging can be a valuable tool when the clinical utility of the various device 

parameters is explored. To investigate EPI parameters, skin-imitating media such as 

polyacrylamide gel and gelatin phantom have been used previously10-12. Moreover, EPI 

of ink followed by skin splitting and macroscopic evaluation, and histology imaging 

with hematoxylin and eosin (H&E) staining have also been used for optical imaging 

of EPI10, 11, 13-15. Although transparent media provide a clear view of injected fluid 

patterns, skin phantoms are currently lacking the technical refinement to mimic the 

biological complexity of human skin16. Macroscopic evaluation of skin tissue does dis-

play drug distribution but lacks detailed illustration of skin compartments and tissue 

alterations. Finally, cryosections can be used to inspect the cutaneous micro-structure. 

The proneness to artifacts and inherent need for a multi-step staining procedure to 

achieve sufficient image contrast, however, supports the use of novel optical imaging 

techniques to supplement traditional histology when assessing novel drug delivery 

techniques17. Fluorescence confocal microscopy can overcome these limitations by 

visualizing immediate EPI-induced fluorescent drug distribution without destructive 

tissue preparation or additional staining steps.
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The ex vivo confocal microscopy (EVCM) uses a laser system to obtain high-resolution 

images of excised tissue18. The device used in the present study uses two lasers to 

generate both fluorescence (FCM) and reflectance confocal microscopy images 

(RCM)19. Acridine orange (AO) is most commonly used as contrast agent due to its 

high fluorescent yield, rapid staining and its well established use in research20. EVCM 

is also being investigated to assess margin control of basal cell carcinoma during mi-

crographic Mohs surgery to shorten procedure time without sacrificing accuracy21-28.

Visualization of immediate EPI-induced drug distribution at a microscopic level may 

provide a better understanding of its mechanism of action and clinical utility. There-

fore, we aimed to visualize the immediate cutaneous drug distribution and changes in 

skin architecture using EVCM, and focus on the related clinical endpoint of EPI.

MATERIALS AND METHODS

Study design

In this experimental ex vivo porcine study, immediate EPI-induced drug distribution 

was investigated with EVCM (n = 22 samples) and changes in skin architecture were 

investigated using EVCM and frozen histology (n = 33 samples). This study was con-

ducted at the Department of Dermatology at the Bispebjerg Hospital in Copenhagen, 

Denmark.

Intervention

Flank skin samples from three Danish mixed-race Landrace/Yorkshire/Duroc pigs (3 

months, 31 – 44 kg) stored at -80 °C were thawed at room temperature for 30 

minutes. Hair was trimmed using an electric razor. Skin samples were placed on 

plastic film surrounded by moist gauze for the duration of the experiment. AO (MW: 

301.8 Da, excitation wavelength = 500 nm, emission wavelength = 526 nm) (Mavig; 

Munich; Germany) was used as a contrast agent for EVCM29. The stock solution of 

10 mg/ml was diluted in phosphate-buffered saline to a concentration of 0.06 mg/ml. 

Saline was used for control injections. EPI was performed with a needle free electronic 

pneumatic injection device (EnerJet2.0; PerfAction Technologies Ltd., Rehovot, Israel) 

(Figure 1 C). The device has a fixed nozzle size of 200 µm. A volume of 50 µl was 

delivered per injection (device range; 50 - 150 µl) with pressure levels of 4 and 6 

bar corresponding 50% and 100% pressures of the device (device range; 2 - 6 bar). 

Immediately after EPI, a caliper measured the diameter of the papular skin reaction 

by LB. Clinical photos were captured with a DSLR camera (EOS 750D; Canon) under 

standardized conditions.
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Biopsy processing and evaluation of ex vivo confocal microscopy 

images

Biopsy samples were bisected at the point of injection, placed on a glass slide, and 

flattened using a second slide and adhesive putty. The samples were mounted on an 

EVCM (Vivascope 2500; Mavig, Munich, Germany) to capture images of RCM (488 

nm) and FCM (785 nm) at respectively 50% and 15% intensity. EVCM provided auto-

matic integration of RCM and FCM into pseudo-colored composite images. Resolution 

of the images was 1024 x 1024 pixels.

Axial and lateral dispersion of AO in dermis were manually assessed by a non-blinded 

evaluator (LB) on FCM images. Axial distribution was defined as the perpendicular 

distance between the basal layer down to the deepest observed AO signal. Lateral 

distribution was defined as the maximum lateral expanse of AO signal, parallel to the 

epidermis.

Qualitative assessment of FCM, RCM and composite images was performed by 

inspecting skin compartments, point of EPI entry, AO distribution pattern and skin 

architecture disruption.

Figure 1. Skin papule as clinical endpoint. A skin papule served as predefined, clinical endpoint after electronic pneu-

matic injection (50 µl/injection) at 4 bar A) and 6 bar B). The pressure level did not have a significant effect on papule 

dimensions (P = 0.288), with a diameter of 6.0 mm (6.0–7.0) at 4 bar and 7.0 mm at 6 bar (6.0–7.5 mm). The nozzle of 

the electronic pneumatic injection device is shown C).
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Evaluation of frozen histology

Samples for histological analyses were collected after EPI to assess changes in skin ar-

chitecture. Cryosectioning, using a cryostat and freezing medium (Tissue-Tek ® O.C.T. 

™ Compound, Sakura Finetek Europe BV, Alphen, NL), was performed to harvest 

vertical sections at entry point of injection and of surrounding injection site with a slice 

thickness of 10 µm. Sections were stained with H&E and qualitatively evaluated (LB) 

under a light microscope with 4-fold magnification.

Statistics

Mann-Whitney U tests compared papule diameter and immediate drug distribution 

parameters from EVCM images. Data were presented as median and interquartile 

ranges. An alpha level of P < 0.05 was considered statistically significant. Analyses 

were performed in SPSS version 25 (IBM Corporation; Armonk; NY).

RESULTS

Papule as clinical endpoint

A distinct papule on the skin appeared after EPI (n = 55). The pressure level was 

titrated up to 4 bar in order to consistently produce a papule after each injection. The 

pressure level did not appear to have a significant effect on papule dimensions (n = 

33; p = 0.288), with a diameter of 6.0 mm (6.0 – 7.0) at 4 bar and 7.0 mm at 6 bar 

(6.0 – 7.5 mm; Figure 1 A-B).

Dermal drug distribution

EPI with 4 and 6 bar pressure levels resulted in a comparable dispersion of contrast 

agent reaching upper-, mid- and deep dermis with an axial distribution of 2319 µm 

(1500 - 2900 µm; 4 bar) and 2399 µm (2024 - 2758 µm; 6 bar; p = 0.842; Table 1; 

Figure 2). Lateral dispersion for 4 and 6 bar pressure levels were also similar resulting 

in a lateral distribution of 5944 µm (5173 - 6861 µm; 4 bar) and 6187 µm (5351 - 

6544 µm; 6 bar; p = 0.905).

Table 1. Spatial distribution of acridine orange.

Pressure level
Number of 

biopsies

Axial,

median in µm (IQR)

Lateral,

median in µm (IQR)

4 bar 10 2319 (1500 - 2900) 5944 (5173 - 6861)

6 bar 9 2399 (2024 - 2758) 6187 (5351 - 6544)

Spatial distribution of acridine orange in porcine dermis administered with electronic pneumatic injection, visualized by 

ex vivo confocal microscopy, defined as axial and lateral dermal drug distribution. IQR: interquartile range
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The most commonly observed distribution pattern resembled a hemispherical shape 

for both 4 and 6 bar pressure levels (Figure 2. A-C). However, variations in shape 

were observed between single injections resembling e.g. triangular deep-dermal or 

flat upper-dermal distribution patterns (Figure 2. D-F; Figure 3). Overall, epithelium of 

hair follicles and epidermal entry point of injection showed high uptake of AO. The 

subcutaneous layer was reached sporadically.

Skin architecture disruption

Confocal microscopy images demonstrated disruption of normal skin structure after 

EPI with multiple vacuoles surrounding the dermal injection site and sub-epidermal 

clefting, independent of pressure levels (Figure 3). The epidermis was torn apart at the 

entry point while architectural structure of the subcutaneous layer remained intact.

Tissue disruption after EPI was confirmed on histological sections displaying vacuoles, 

fragmented collagen and tissue gaps in the dermis, to a similar degree at 4 and 6 bar 

pressure levels (Figure 4). Disruption was most pronounced in sections closest to the 

Figure 2. Electronic pneumatic injection induces deep dermal drug delivery. Fluorescence and compos-

ite images were captured using an ex vivo confocal microscope. Images show comparable fluorescent 

drug distribution of acridine orange in deep dermis following electronic pneumatic injection at 4 and 

6 bar pressure level (acridine orange solution is green on fluorescence images and purple on compos-

ite images). The most commonly observed distribution pattern was hemispherical A), B), and C). Mild 

variations in shape have been observed for both pressure levels D), E), and F). A)–F) display separate 

representative biopsies.
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point of entry. In contrast to confocal microscopy images, signs of epidermal trauma 

were not visible but sporadic disruption of subcutaneous tissue was seen.

Figure 3. Disrupted skin architecture by electronic pneumatic injection. Composite image showing skin 

architecture (pink) disrupted by electronic pneumatic injection with acridine orange (purple) at 6 bar 

pressure level (left) and an untreated biopsy (right) using ex vivo confocal microscopy. Tissue disruption 

was similar for 4 and 6 bar pressure level. *, epidermal trauma at entry point of injection; ■, clefting 

between stratum basale and dermis; ▲, vacuoles in the dermis.

Figure 4. Skin architecture disruption visualized on histology images. On frozen tissue sections, skin 

architecture disruption induced by electronic pneumatic injection was observed as vacuoles, fragmented 

collagen, and tissue gaps in the dermis. Three sections are shown of one representative biopsy for both 

4 and 6 bar. The tissue disruptions are more prominent in close proximity to the point of entry. Untreated 

control with intact skin architecture is shown for comparison.
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DISCUSSION

We conducted an experimental ex vivo porcine study in which immediate EPI-assisted 

drug delivery was investigated using EVCM and histological sections. Our results 

demonstrate that a papule on normal skin is a reproducible clinical endpoint for EPI 

and indicates dermal drug delivery throughout all layers of the dermis, independent 

of pressure level settings. In laser and light treatments, clinical endpoints already have 

shown to be helpful for safe and effective treatments; e.g. immediate whitening of 

the skin after laser treatment using Q-switched lasers for tattoo removal30. In our 

study, we found that a skin papule has been consistently produced with a minimum 

pressure level of 4 bar. However, this pressure level may not be directly translated into 

a clinical setting, since human dermis is generally thinner than porcine skin. Also, the 

pressure level required to induce a papule may vary when treating different anatomical 

locations or skin lesions with higher consistencies (e.g. hypertrophic scars or keloids).

In this study we used EVCM as a high-resolution imaging technique. The EVCM had 

an acquisition time of approximately 3-5 minutes, while preparation of cryosections 

requires 20–45 min per tissue sample22. Beside the benefit of minimal waiting time, 

tissue integrity remained intact and provided a realistic view on skin architecture and 

immediate drug distribution. Analyses of EVCM images showed that both 4 and 6 bar 

pressure levels generated deep dermal drug delivery. Spatial distribution of dermal 

drug delivery has also been investigated using a similar EPI device at 3.1, 3.9 and 4.6 

bar pressure levels and 80 µl injection volume by Erlendsson et al., however, with 

ink as a contrast agent and assessment of drug distribution on histological sections 

only31. In the study by Erlendsson et al., lateral dispersion was found to be pressure 

independent for individual injections, which is similar to our results. Notably, the 

lateral dispersion increased when stacking two consecutive injections at the same site, 

however, stacking of injections was not investigated in our study. For axial dispersion, 

a significant increase was observed when the highest pressure level of 4.6 bar was 

used for individual injections. This suggests that axial dispersion could be pressure 

dependent at lower pressure levels, while the dispersion is pressure independent be-

tween 4 and 6 bar according to our findings. Seok et al. has found similar EPI-induced 

spatial distribution for 6 bar with an axial distribution of 2323 µm compared to 2399 

µm found in this study13. Although no difference in spatial distribution was observed 

between 4 and 6 bar pressure level, we did observe a variation in distribution pat-

terns, including hemispherical dispersion projecting from injection site, a deep-dermal 

distribution with a triangular appearance, and a flat upper-dermal distribution with a 

small penetration depth. This variation could possibly be explained by a difference in 

tissue consistencies within the skin sample and/or variation in residue formation on 
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top of the skin. Michinaka et al. showed that the dispersion area of spring-driven jet 

injector relates inversely to the size of injected particles but proportionally to injection 

volume32. Rohilla et al. showed a significant effect on penetration depth, which could 

alter the distribution pattern, when comparing fluid viscosity in vitro using a spring-

driven jet injector33. The different working mechanisms of spring-driven jet injectors 

and EPI, however, preclude direct comparison of device parameters.

EPI-induced dermal skin structure disruption was visualized by EVCM images and his-

tological sections, although with a slightly different presentation. The distinction could 

be explained by tissue alterations due to slow freezing, biopsy storage at -80 °C, and 

tissue processing which may have stretched the fragile tissue, exposing fragmented 

collagen and tissue gaps on histological sections17. Skin structure disruption of the 

dermis plays an important role in long-term effects of treatments focusing on skin 

remodeling. It activates the wound healing process including the remodeling phase, 

which consists of collagen augmentation, crosslinking and skin contraction for at 

least 6 months12, 15, 34. Previous studies have related EPI-induced neocollagenesis to a 

beneficial long-term effect of 4-6 months in rhytids12, 35, in contrast to the short-term 

effects seen after needle injection with e.g. hyaluronic acid and saline35.

EPI’s ability to provide deep dermal drug delivery may be particularly advantageous 

for dermatological conditions in which treatment specifically targets the dermis. In 

accordance, preliminary positive outcomes have been reported for keloids, acne scars, 

wrinkle treatment, palmar and axillar hyperhidrosis, local anesthetics, photo dynamic 

therapy for non-melanoma skin cancer and nail psoriasis36-41. However, none of these 

studies focused on a clinical endpoint as in our study, which is important for guiding 

the treating physician in clinical practice.

Limitations in visualization of EPI-induced dermal drug delivery in this study includes 

the use of ex vivo pig skin to model in vivo human skin42, uncertainty to what degree 

drugs used in clinical practice will behave similarly to AO, the lack of kinetic evaluation 

of cutaneous drug distribution, and the lacking assessment of a minimum threshold 

for AO detection with EVCM. Moreover, cryosectioning was used to assess tissue 

morphology with a moderate risk of artifacts, image assessment lacked a blinded 

second evaluator and in order to standardize interventions, we only applied a fixed 

volume of 50 µl compared at 4 and 6 bar.

For future research we suggest to further investigate other factors that could impact 

the spatial dispersion of EPI, including different injection volumes, variation in residue 

formation on top of the skin and stacking of injections.
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CONCLUSION

This is the first study that relates a reproducible clinical endpoint to immediate EPI-

assisted drug delivery and tissue disruption using reflectance and fluorescence confo-

cal microscopy images and histological sections. An EPI-induced skin papule indicates 

dermal drug delivery throughout all layers of the dermis, independent of pressure level 

settings.
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ABSTRACT

Background

Intralesional bleomycin (BLM) administration by needle injection is effective for ke-

loids 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, biodistribu-

tion 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 concentra-

tions 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 µg/cm3 (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 evaluation in future human studies.
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INTRODUCTION

Bleomycin (BLM) is an antineoplastic agent used in dermatology as off-label drug for 

the treatment of (recalcitrant) common warts, keloids, hypertrophic scars and non-

melanoma skin cancer1, 2. These skin lesions are readily accessible for intralesional 

treatment and require lower dosages of BLM compared to intravenous treatment1. 

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 apoptosis3-5. The large molar mass and highly hydrophilic properties 

of BLM (1415 Da, LogP -7.5) precludes passive dermal uptake after topical administra-

tion. Therefore, several mechanical and energy-based administration techniques have 

been developed to enhance the dermal drug delivery of hydrophilic macromolecules.6-9

The most commonly used mechanical drug delivery technique for intralesional bleo-

mycin treatment is the conventional needle-syringe injections1. However, needle injec-

tions 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 disperses liquid drugs in its target tissue10, 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 better dermal bioavail-

ability. In addition, EPI can be used with liquid 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 facilitates 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 previ-

ously. Therefore, in this study we aimed to explore EPI-delivery of BLM by evaluating 

BLM skin concentration over time, biodistribution patterns and local tolerability in in 

vivo pig skin to support future studies in human subjects.
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MATERIALS AND METHODS

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 overview of sample sizes and evaluation methods 

is available in Table 1. Cutaneous pharmacokinetics were quantified by liquid chro-

matography–mass spectrometry (LC-MS). Biodistribution patterns were visualized by 

matrix-assisted laser desorption ionization imaging (MALDI-MSI). Local tolerability was 

clinically evaluated by grading local skin reactions (LSR) and quantifying transepider-

mal water loss (TEWL) as a measure for skin integrity.

Animals

The use of four female pigs (62-75 kg) was approved by the Danish Animal Inspector-

ate (license 2017-15-0201-01204). The study was conducted according to the Federa-

tion of European Laboratory Animal Science Associations guidelines and followed 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 inhala-

tion of isoflurane (2%). Anesthesia was maintained by isoflurane and intravenous 

bolus of propofol13. 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.

Figure 1. Study design. Schematic illustration of the in vivo animal study showing the investigated intervention of intra-

dermal 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.
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Formulation of bleomycin

BLM (batch 7K062C; Baxter; Deerfield; IL; USA) was diluted in natrium chloride 0.9% 

(SAL) to a concentration of 15000 IU/ml13, 14.

Electronic pneumatic injection

EPI with BLM or SAL was performed using an electronically-controlled pneumatic jet 

injector device (EnerJet 2.0; PerfAction Technologies Ltd.; Rehovot; Israel) with a pres-

sure of 6 bar (device range: 2-6 bar) and injection volume of 100 µL (device range: 

50-130 µL)13. The device uses compressed air as pressure source, produces jet stream 

velocities of up to 150 m/s and has a nozzle orifice diameter of 200 µm15. Single 

injections with EPI were provided per square centimeter in the marked test sites and 

contained 1500 IU of bleomycin per 100 µL. A clear skin papule was accepted as the 

end-point for intradermal drug delivery16.

Tolerability assessment

Skin tolerability was assessed by comparing clinical local skin reactions (LSR) at base-

line, 1 hour, 2 days and 9 days after EPI. Erythema and edema were scored indepen-

dently by two evaluators (LB and KH) using the OECD test scale (Draize scale; 0-4) 

as described in previous studies (n = 48)17-19. Transepidermal water loss (TEWL; g/h/

m2) was measured using a DermaLab skin analysis device with TEWL probe (Cortex 

Technology; Hadsund; Denmark), representing skin barrier integrity (n = 42).

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 1mL 

Table 1. Overview study design.

Drug delivery Mass spectrometry quantitation and imaging Tolerability

Interventions LC-MS (h) n = 6-8 MALDI-MSI (h) n = 1 LSR n = 8 TEWL n = 6

Description BLM SAL 0 1 48 216 0 1 48 1 48 216 B 1 48 216

EPI + BLM

EPI + SAL

+ - + + + + + + + + + + + + + +

- + - + - - - - - + + + - + + +

Total LC-MS

n = 37

Total MALDI-MSI

n = 3

Total LSR

n = 48

Total TEWL

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
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phosphate-buffered saline and disrupted with a tissue lyser (TissueLyser ll, Retsch, 

Haan Germany)13, 20. The fluid was extracted after centrifugation for LC-MS analyses. 

For MALDI-MSI analyses, the full-skin biopsies were sectioned with a cryomicrotome 

and fixated on a microscope slide.

LC-MS quantification

37 punch biopsies were taken from the test areas for LC-MS quantification and 

prepared as previously described13. A Thermo TSQ Vantage triple-quadrupole mass 

spectrometer 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, 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 à 530.0 and m/z 708.0 à 493.5, respectively.

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 study13. 

AP-SMALDI5 and AP-SMALDI10 MALDI-MSI ion sources (TransMIT GmbH, Giessen, 

Germany) mounted on a Thermo Q-Exactive Orbitrap mass spectrometer 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 1.02.21

LC-MS and MALDI-MSI were validated prior to the study to guarantee accuracy and 

reliability of the bleomycin analysis methods.

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.
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RESULTS

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 concentration of 109.2 µg/cm3 (43.9 – 175.2; Table 2; 

Figure 2). After 1 hour, the BLM concentration was 63.5 µg/cm3 (22.3 – 79.3). Over 

the following days, BLM concentrations significantly decreased to almost undetect-

able: 2.5 µg/cm3 (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 no BLM that 

was detectable by LC-MS quantification at 1 hour (Table 2).

Biodistribution pattern visualized by MALDI-MS imaging

A total of three samples were analyzed for intradermal delivery 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 distributed in a trian-

gular 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 

pattern was observed after 1h, 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).

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

in skin.

Quantified (LC-MS) Imaged (MALDI-MSI)

Intervention Time µg/cm3 IQR % of maximum

concentration*

Spatial distribution

EPI + BLM 0 h 109.2 (43.9 – 175.2) 100.0% Superficial dermis

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

48 h 2.5 (1.4 – 3.6) 2.3% Not detected

216 h 0.0 (0.0 – 0.7) 0.0% —

EPI + SAL 1 h 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/ionisation–mass spectrometry imaging

IQR: Interquartile range (Q1–Q3)

IU: International units

—: Not imaged
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Figure 2. Box plots of bleo-

mycin quantification by liquid 

chromatography-mass spec-

trometry. Bleomycin concen-

tration per cubic centimeter 

of skin visualized as box plots 

with quartile boxes and min-

max whiskers. EPI successfully 

delivered high concentrations 

of bleomycin in the skin di-

rectly after injection, 0 hours, 

and was completely cleared at 

216 hours.

Figure 3. Skin samples showing bleomycin B2 and a skin phospholipid molecule visualized by mass spec-

trometry 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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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, measured by TEWL, was not compromised for any time points when 

compared to baseline (p > 0.05).

Figure 4. Tolerability assessment of electronic pneumatic injection. A) 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 EPI 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.
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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 µg/cm3 (43.9–175.2) using 

a pressure setting of 6 bar and 100 µL within the first hour of injection. As expected, 

the peak concentration measured by mass spectrometry occurred directly after injec-

tion 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 µg/cm3 (210.9–357.7) after needle injections with the same volume and 

BLM concentration13. This could partly be explained by an undelivered dosage of up 

to 20% of the injection volume remaining on skin surface22. 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 residual fluid on 

skin surface23. However, despite this small loss of injection fluid, EPI 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 administered with EPI compared to the intravenous route of administration 

which is commonly used in dermato-oncology. At eight minutes after intravenous 

administration with the therapeutic dosage of BLM (15000 IU m-2), an intratumoral 

concentration of ~ 0.1 µg/g of BLM was measured leading to significant clinical effects 

in head and neck cancer24. In this study, EPI delivery of BLM (15000 IU/ml; injection 

volume of 100 µL) resulted in a high intradermal concentration of 109.2 µg/cm3, 

corresponding to ~ 100 µg/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 generate a lateral and homo-

geneous distribution in the mid-deep dermis. Similar biodistribution patterns were 

observed in ex vivo pig skin studies immediately after EPI with aqueous solutions16, 25. 

Moreover, clear detection of BLM with MALDI-MSI suggests that BLM molecules were 

unaffected by the high shear stresses caused by the high-velocity jet stream and small 

nozzle diameter of EPI11. In this study, a pressure level of 6 bar was required to gener-

ate an immediate skin papule: EPI’s clinical endpoint for intradermal drug delivery22. 

The optimal device settings, however, will vary depending on the tissue consistency, 

clinical indication and treated anatomical location16, 22, 25. 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 injection26.
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All interventions were well-tolerated with only mild LSRs that were close to completely 

resolved at the end of the study 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 sensation5, 27. EPI alone, however, also induced slight LSRs, 

probably as a result of the high-powered jet-tissue interaction causing skin structure 

disruption, visible on confocal microscopy imaging as dermal vacuoles and sup-

epidermal clefting16. In comparison, we previously showed that needle injection with 

SAL showed no LSRs for up to 9 days13.

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 

patterns 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 con-

centration of 1.42 mg/ml28. 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/ml13. 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 unlikely1. Lastly, a reference intervention group 

such as needle injection with bleomycin was lacking that precluded direct comparison 

of EPI to other drug delivery techniques.

CONCLUSIONS

In conclusion, EPI with BLM results in a quantifiable and focal mid-dermal spread of 

BLM in in vivo pig skin. Clinical evaluation of LSR and TEWL indicates that the inter-

vention was well-tolerated. In addition, EPI enables needle-free drug delivery in a fast 

and standardized manner, while providing tailored treatments by selection of tunable 

settings such as pressure and injection volume. The high bioavailability, tolerability 

and ease-to-use administration technique indicate that BLM delivered by EPI holds 

great potential for clinical effects as dermatological treatment and warrants further 

investigation in future human studies.
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ABSTRACT

Objectives

Needle-free jet injectors have been used in dermatological practice for many years. 

However, predefined clinical endpoints that guide physicians to choose optimal device 

settings have not been clearly defined. Here, we evaluate immediate skin responses as 

clinical endpoints for needle-free jet injector treatments.

Material and Methods

We injected methylene blue in ex vivo human skin using an electronically-controllable 

pneumatic injector (EPI; 3 – 6 bar, 50 – 130 µl; n=63), and a spring-loaded jet injector 

(SLI) with fixed settings (100 µl; n=9). We measured the immediate skin papule (3D-

camera), residual surface fluid (pipette), dermal dye distribution by estimating depth 

and width, and subcutaneous dye deposition.

Results

EPI with 4 bar and 100 µL resulted in the largest skin papule of 48.7 mm3 (35.4 - 62.6 

mm3) and widest dermal distribution of 8.0 mm (5.5 – 9.0 mm) compared to EPI 

with 6 bar and 100 µL (p<0.001, p=0.018, respectively). The skin papule volume 

showed a significant moderate to high positive correlation with the width and depth 

of dye distribution in the dermis (rs=0.63, rs=0.58, respectively; p<0.001 for both 

correlations). SLI showed high variability for all outcome measures. Finally, a trend was 

observed that a small skin papule (≤7mm) and little residual surface fluid (≤10% of 

injection volume) were warning signs for subcutaneous deposition.

Conclusions

The immediate skin papule and residual surface fluid correspond with dermal drug 

deposition and are relevant clinical endpoints for needle-free jet injector treatments in 

dermatological practice.
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INTRODUCTION

Needle-free jet injectors have been used for over 75 years for the transdermal deliv-

ery of vaccines, insulin and for the treatment of dermatological indications such as 

hypertrophic scars, keloids and warts.1 By producing a high-powered jet stream of 

fluids, jet injectors are able to penetrate the epidermis providing dermal drug delivery 

without the use of (painful) needles. Advantages of jet injectors include the fast-

working mechanism, standardized injections, absent risk of needle-stick injuries, and 

nearly pain-free delivery of fluids into the skin. Disadvantages of jet injector systems 

might include clogging of the nozzle, splash back, need for sterilization of the device 

after each patient, and non-adjustable settings. Since the introduction of the first jet 

injector in the 1960’s, novel (electronically powered) jet injector systems have been 

developed to overcome most of these drawbacks.

Jet-injectors can mainly be classified into two groups: a) spring-loaded jet injectors 

(SLI), and b) gas/air-powered jet injectors.2 Traditional SLI operate with a spring 

mechanism, which is manually charged for every injection, and released by triggering 

the device which induces a jet-stream. Device settings are usually fixed and non-

tuneable. Electronically-controlled pneumatic jet injectors (EPI) are novel air-powered 

jet injectors that, in contrast to SLI, operate with tuneable pressure and injection 

volume settings to create tailor made treatments for dermal drug delivery.

Needle-free jet injectors induce immediate skin responses that are directly visible after 

each injection. This jet-tissue interaction, such as skin elevation and residual surface 

fluid, are potential clinical endpoints that may serve as indicators of dermal drug 

delivery. Close observation of the clinical endpoints can be a useful tool for selecting 

optimal device settings for each patient and/or anatomical location. To date, however, 

predefined clinical endpoints that relate to dermal drug delivery of jet injectors have 

not been defined. Therefore, we aimed to evaluate immediate skin responses as clini-

cal endpoints for spring- and air-powered needle-free jet injector treatments.

MATERIALS AND METHODS

Study design

In this ex vivo human skin study, jet injector induced immediate skin responses in-

cluding skin papule formation, post-injection residual surface fluid and dermal dye 

distribution, were explored using two types of jet injectors. Needle injections were 

included for comparison. Skin papule dimensions were captured with a 3D camera 
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system, and post-injection residual surface fluid was extracted and measured using a 

pipette. Dermal distribution dimensions were analysed by estimating depth and width 

of the dye staining following excision of skin tissue.

The Ethics Board Committee of Amsterdam UMC concluded that this study with ex 

vivo human tissue was exempted from formal approval because of no risk to partici-

pants and the use of anonymous tissue.

Skin preparation

Freshly excised human skin was anonymously obtained from three patients during 

elective abdominoplasty (Department of Plastic Surgery, OLVG Hospital, Amsterdam, 

The Netherlands). Excessive adipose tissue was removed until a skin thickness (includ-

ing subcutaneous layer) of 2 cm remained, and the specimen was subsequently stored 

at −20 °C up to 8 weeks. Prior to start, the tissue was thawed at room temperature, 

fixated under light tension, and marked with 2 x 2 cm test zones.

Interventions and sample collection

EPI was performed with an electronically-controlled pneumatic jet injector (EnerJet2.0, 

PerfAction Technologies Ltd., Israel) at 3 bar, 4 bar, 5 bar, and 6 bar, (100 μL; n = 36), 

and injection volumes of 50 μL, 100 μL, and 130 μL (4 bar; n = 27). The EPI nozzle 

tip (Ø 0.2 mm) has a 5mm distance to the skin surface, determined by the spacer. A 

spring loaded jet-injector (Dermojet, AKRA, France) with a fixed pressure of 98 bar 

and injection volume of 100 μL was selected for SLI (n = 9).2 One researcher (MW) 

delivered a constant intradermal bolus of 100 μL by conventional needle injection with 

a 0.5 mL syringe with 29G needle (n = 9, BD Micro-Fine, 324892, Becton Dickinson, 

USA). All injections with normal saline containing 0.1% of methylene blue (C.I. 52015, 

Merck Millipore, Darmstadt, Germany) were divided over three different human tissue 

specimens and performed in triplicate to minimize bias due to variation in physical skin 

properties. Undelivered liquid on the skin was defined as residual surface fluid, and col-

lected and measured using a lab pipette (0.5-10 µL; 10-100 µL). The skin papule border 

was manually contoured using a black marker for 3D analyses. Photographs were cap-

tured by digital camera (D5300, Nikon, Japan), and a 3D camera system (Antera 3D® 

CS, Miravex Limited, Dublin, Ireland) under standardized conditions including normal 

room lighting, fixed distance and perpendicular angle. Each skin papule was linearly 

incised directly at the entry point of injection, removed (2 cm x 1 cm), and mounted 

under slight pressure between two microscopic slides with the injection site facing 

upwards. A ruler was used for measurements of the immediate cutaneous distribution 

by two trained assessors (AM & AW) who measured the maximum dermal width and 

depth (dermis only), and the presence of deposition into the subcutaneous layer.
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3D-system assessment of the skin papule

Antera 3D® CS (Miravex Limited, Dublin, Ireland) operates by multidirectional illu-

mination of LEDs at different wavelengths, and was used to capture the skin papule 

immediately after each injection. The contour of the skin papule was selected as field 

of interest for assessment of the skin papule volume (mm3) and diameter (mm) in the 

corresponding software (Mode: elevation, Filter: extra-large).

Statistics

Descriptive data were presented as median and interquartile ranges (IQR; Q1 – Q3). 

Outliers were included after comparing groups with and without outliers using Mann-

Whitney U test (p>0.05). The correlation coefficient between the skin papule volume 

and dermal distribution was measured with Spearman’s rho for nonparametric cor-

relations. Equality of EPI subgroups in papule volume, dermal distribution and residual 

surface fluid was explored using Kruskal-Wallis test. Since all tested outcome measures 

showed inequality (p<0.05), additional comparisons using Mann-Whitney U test were 

performed. Comparisons were limited to two EPI subgroups with the highest numeri-

cal differences for pressure and injection volume. Formal correction for multiple test-

ing was therefore not required. The chi-square test was used for comparison of the 

risk of subcutaneous dye deposition following jet injection. An alpha level of 5% was 

applied. Analyses were performed in SPSS version 25 (IBM Corporation; Armonk, NY).

RESULTS

Jet injection induced skin papule

The skin papule formation was evaluated immediately after injection for all interventions 

by 3D-camera (Figure 1 and 2; Table 1). For EPI, we compared different pressures while 

using a constant injection volume of 100 µL. EPI with 4 bar resulted in the largest skin 

papule with a volume of 48.7 mm3 (35.4 – 62.6 mm3) and a diameter of 9.8 mm (8.8 

– 11.2 mm), compared to the smallest skin papule for EPI with 6 bar with a volume of 

11.9 mm3 (4.6 – 26.9 mm3; p<0.001) and diameter of 6.1 mm (5.1 – 8.1 mm; p=0.018). 

When comparing different injection volumes while using a constant pressure of 4 bar, EPI 

with 100 µL resulted in the largest skin papule with a volume of 48.7 mm3 (35.4 – 62.6 

mm3) and diameter of 9.8 mm (8.8 – 11.2 mm), compared to 50 µL with a small papule 

volume of 12.8 mm3 (5.5 – 21.0 mm3; p<0.001) and diameter of 6.5 mm (6.1 – 8.1 mm; 

p=0.020). For SLI, we observed a large variation between single injections resulting in a 

small median papule volume of 19.2 mm3 (4.1 – 60.4 mm3) and a diameter of 7.0 mm 

(6.8 – 12.8 mm). Intradermal needle injection served as control and resulted in a papule 

volume of 48.7 mm3 (36.6 – 56.3 mm3), and a diameter of 10.7 mm (10.7 - 11.7 mm).
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Jet injection induced residual fluid on skin surface

Directly after injection, residual fluid on the skin surface was observed for all interven-

tions and collected using a pipette (Figure 1 and Figure 3; Table 1). EPI with 5 bar 

and 100 µL resulted in the lowest residual surface fluid volume of 9.5 µL (7.7 – 15.7 

µL), compared to EPI with 3 bar and 100 µL with a residual surface volume of 18.7 

µL (11.7 – 30.8 µL; p=0.053). When comparing the different injection volumes of 

EPI, injections with 130 µL left a residual surface fluid volume of 12.6 µL (9.9 – 19.8 

µL), corresponding to 9.3 % of its injection volume. Smaller injection volumes of 100 

µL - 50 µL led to an increase in the residual fluid percentage. SLI with 100 µL resulted 

in a residual fluid volume of 16.0 µL (6.2 – 26.5 µL; 16.0 %). Needle injections with 

100 µL resulted in a limited residual fluid volume of only 0.6 µL (0.5 – 1.5 µL; 0.6 %).

Figure 1. Residual fluid on skin surface and the immediate skin papule are clinical endpoints of needle-

free jet injector treatments, and relate to the intradermal spatial dye distribution. Needle injection served 

as control. EPI: Electronic pneumatic injection; SLI: Spring-loaded jet injection; NI: Needle injection.
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Jet injection induced dermal dye distribution

The immediate dermal dye distribution dimensions are shown in Figure 1 and Figure 4 

A-B, and in Table 1. EPI with 4 bar and 100 µL resulted in the largest dermal distribution 

dimensions with a dermal width of 8.0 mm (5.5 – 9.0 mm) and dermal depth of 5.0 mm 

(4.0 – 6.0 mm), compared to EPI with 6 bar and 100 µL with the smallest dimensions 

with a dermal width of 5.0 mm (3.5 – 6.0 mm; p=0.018) and dermal depth of 3.0 mm 

Figure 2. Boxplot presenting the median and interquartile ranges with min/max whiskers of the skin 

papule volume in mm3 for all interventions. EPI with 4 bar and 100 µL resulted in the largest immedi-

ate skin papule. High variability in skin papule volume was observed for SLI. Needle injection served as 

control. EPI with 4 bar and 100 µL is presented in duplicate. EPI: Electronic pneumatic injection; SLI: 

Spring-loaded jet injection; NI: Needle injection.

Figure 3. Representative clinical photographs of the residual surface fluid as clinical endpoint after 

injection with an electronically-controllable pneumatic injector (EPI) with methylene dye (blue). A) High 

residual surface fluid volume of 21 µL after EPI with 3 bar and 100 µL, which is visually distinguishable 

from B) with a low residual surface fluid volume of 9 µL after EPI with 6 bar and 100 µL.
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A

B

Figure 4. Boxplots presenting the median and interquartile ranges with min/max whiskers of needle-free 

jet injector induced dermal dye distribution in width A) and depth B) for all interventions. EPI with 4 bar 

and 100 µL resulted in the largest dermal distribution. SLI showed high variability for intradermal dye 

distribution in depth and width. Needle injection served as control. The boxplot includes outliers and EPI 

with 4 bar and 100 µL is presented in duplicate. EPI: Electronic pneumatic injection; SLI: Spring-loaded 

jet injection; NI: Needle injection.
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(2.5 – 5.0 mm; p=0.059). Comparing different injection volumes, EPI with 4 bar and 

100 µL resulted in the largest dermal distribution (dimensions stated above), compared 

to EPI with 4 bar and 50 µL with a small dermal width of 4.5 mm (3.0 – 6.0 mm; 

p=0.009) and dermal depth of 3.0 mm (1.8 – 4.5 mm; p=0.147). SLI resulted in small 

dermal distribution, and high inter-injection variance, with a dermal width of 4.0 mm 

(2.5 – 8.0 mm), and a dermal depth of 4.0 mm (2.5 – 5.5 mm). For needle injections, 

we observed a dermal distribution with a width of 6.0 mm (5.0 – 6.0 mm) and a depth 

of 3.0 mm (2.0 – 4.0 mm). Dermal thickness of the three skin samples was 5.0 mm 

(4.0 – 5.0 mm) measured before intervention, similar as reported in previous studies, 

and differ not significantly from each other.3 Measured dermal depth distribution of 

>5.0 mm was caused by swelling/expansion of the dermis by the injected fluid volume.

Overall, a significant moderate to high positive correlation was observed for the skin 

papule volume and the dermal distribution in width (rs=0.63; p<0.001), and papule 

volume and dermal distribution in depth (rs=0.58; p<0.001).

Jet injection induced subcutaneous deposition

After excision, deep dye distribution reaching the subcutaneous tissue was observed 

for a subset of the skin samples for all interventions (Table 1). For EPI with 5 bar and 

100 µL, subcutaneous dye deposition was observed in all samples (100%), while this 

was only observed in one sample for EPI with 3 bar and 100 µL (11%; p<0.001). 

Moreover, a trend was observed for subcutaneous dye deposition when using a high 

injection volume of 130 µL (56%), compared to a low injection volume of 50 µL (22%, 

p=0.147). For SLI, subcutaneous deposition was observed in 54% of the injections. 

For needle injections, only 22% of the injections resulted in subcutaneous dye deposi-

tion, which was similar to EPI with a low pressure level (4 bar).

DISCUSSION

In this ex vivo human skin study, the clinical endpoints of spring- and air-powered 

needle-free jet injector systems were assessed by evaluating their immediate skin 

responses. Our results suggest that the immediate skin papule and residual surface 

fluid on the skin surface are useful clinical endpoints, which closely correspond with 

the intradermal spatial dye distribution. A relatively small skin papule and little residual 

surface fluid, however, could act as warning sign for deep distribution into subcu-

taneous tissue. Of all tested EPI settings, 4 bar and 100 µL resulted in the highest 

intradermal dye deposition. For SLI, we observed intradermal drug deposition with 

high variability between single injections.
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In dermatological practice, immediate clinical endpoints are commonly used to indi-

cate therapeutic response or risk for complications.4 Well-known examples in laser 

dermatology are the whitening response from Q-switched lasers and the purpura 

from pulsed dye lasers. With jet injectors, such endpoints have not been investigated 

systematically. In this study, we found that the immediate formation of a skin pap-

ule is a good clinical endpoint that indicates delivery of the fluid into the dermis. 

Moreover, EPI with 4 bar and 100 µL resulted in the largest skin papule volume and 

most extensive dermal deposition in width and in depth. Both higher and lower EPI 

pressure settings, or SLI with fixed settings, resulted in a smaller skin papule size, and 

corresponding decreased dermal deposition. We previously reported a similar relation 

between the papule size and dermal dispersion, however, with no difference between 

EPI at 4 bar or 6 bar pressure, in ex vivo pig skin.5 This could be explained by the small 

injection volume of 50 µL that was injected in thicker and more resilient pigskin tissue 

in the previous study. Erlendsson et al investigated the dermal dispersion pattern of 

EPI, using the same jet injector system as in our study, at 3.1, 3.9 and 4.6 bar pressure 

and 80 µL injection volume in ex vivo pig skin, and found that dermal depth was in-

fluenced by the pressure level, while the dermal width increased by stacking of single 

injections.6 However, they did not measure the skin papule dimensions or volume of 

residual surface fluid on the skin. Simmons et al quantified skin reactions after SLI in 

ex vivo guinea pig skin, and reported a positive correlation between the dye dispersion 

diameter from a transsectional side-view and the injection volume.7

Besides the skin papule, the residual fluid on the skin surface also appears to be a 

relevant clinical endpoint, especially for the risk of infiltration into the subcutaneous 

tissue when aiming for a dermal target. We found that a combination of a relatively 

small residual surface fluid (≤10% of injected volume) and a small papule (≤7mm in 

diameter) relates to a high risk of subcutaneous infiltration, mostly seen after EPI at 

higher pressures (5 and 6 bar) and SLI (98 bar). The sole use of residual surface fluid as 

clinical endpoint for subcutaneous deposition is insufficient. We assume that beyond a 

certain pressure level, the kinetic energy of the fluid is high enough to cross the dermis 

and deliver fluid primarily into the subcutaneous tissue. The injection volume was also 

found to be an important factor for the location of drug deposition; EPI with a larger 

volume of 130 µl resulted more frequently in subcutaneous infiltration. In addition, 

residual fluid on the skin surface is also relevant for environmental drug contamina-

tion and the cumulative drug dosage, especially when chemotherapeutic agents are 

being used. Besides, it is important to realize that the physical properties of the skin 

vary with dermal thickness, age, Body Mass Index, ethnicity, gender, and anatomical 

location, which may all influence the drug distribution. Therefore, based on clinical 
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endpoints, optimal jet injector settings should be adjusted for every individual patient, 

skin condition and anatomical location.8, 9

Since the introduction of the first jet injector in the early twentieth century, spring- 

and gas-/air-powered jet injectors were developed to deliver substances into the skin. 

Advantages of SLI devices include their compactness, low cost and high durability, 

while disadvantages include fixed settings, need of sterilization between patients, 

and higher risk of (unwanted) subcutaneous drug deposition.1 EPI devices have the 

advantage of a reliable injection force, greater flexibility in device settings, and dispos-

able nozzle tips to provide continuation of patients care. Their disadvantages include 

the use of an exhaustible gas source (for gas-powered jet injectors operating with gas 

(usually CO2) cartridges), and higher costs.

In clinical practice, jet injectors are mainly used for intradermal drug administration 

of topical corticosteroids in keloids, hypertrophic scars and inflammatory disorders. 

A growing, but unregulated grey area, is the jet injection of hyaluronic acid for skin 

rejuvenation by non-physicians. Other, more specialized indications are the delivery 

of bleomycin in common warts, anaesthetics for local pain management, botulinum 

toxin for hyperhidrosis, and 5-aminolevulinic acid for photodynamic therapy.10-15 Jet 

injectors can also be directed to target the subcutaneous tissue, for example for ad-

ministration of biologicals, vaccines, insulin, and nicotine.16-19 The parameters of the 

currently available jet injector systems, however, needs to be optimized to adequately 

deliver larger volumes.

Limitations of this study include the use of an ex vivo human skin model to mimic an 

in vivo clinical setting. Although we expect that the correlation between jet injector 

settings on the clinical endpoints and dermal distribution in ex vivo skin will most likely 

be the similar to an in vivo setting, a formal evaluation of clinical endpoints in in vivo 

skin has yet to be performed. In addition, the use of abdominal skin from three obese 

patients that was partially affected by stretch marks potentially altering the distribu-

tion patterns. However, by performing all measurements in triplicate for each of the 

three patients, we could minimize the effect of outliers. In addition, only two of many 

available jet injectors were evaluated, and fluids with a different viscosity may lead 

to different results. Lastly, the residual surface fluid was measured with a lab pipette, 

which is unpractical in clinical practice. The researcher, however, were able to visually 

distinguish low and high residual surface fluid volumes during the course of the study 

(Figure 4). We suggest operators to first gain experience with the device settings and 

visually distinguishing surface fluid volumes to correctly use this clinical endpoint, in 

combination with the skin papule, in daily clinical practice.
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For future research, we suggest to investigate the effect of jet injection induced skin 

responses at different anatomical sites, differences in age of the patient and skin 

lesions with other mechanical properties like various forms of scar tissue.

CONCLUSION

In conclusion, our results suggest that the immediate skin papule and residual fluid on 

the skin surface are relevant clinical endpoints for spring- and air-powered needle-free 

jet injector systems in normal human skin. These endpoints are indispensable for the 

successful and safe treatment with needle-free jet injector systems in clinical practice.
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ABSTRACT

Objectives

Needle-free jet injectors are frequently used in dermatological practice. Injection-

generated small-droplet aerosols could be harmful upon inhalation when chemo-

therapeutics, like bleomycin, are used. Here, we aim to explore jet injector-induced 

small-droplet aerosol formation of bleomycin in relation to air ventilation, and to 

provide safety measures for clinical practice.

Materials and Methods

With a professional particle sensor, we measured airborne aerosol particles (0.2–10.0 

µm) after electronic pneumatic injection (EPI), spring-loaded jet injection (SLI) and 

needle injection (NI) of bleomycin and saline (100μL) on ex vivo human skin. Three 

levels of air ventilation were explored: no ventilation, room ventilation and room 

ventilation with an additional smoke evacuator.

Results

EPI and SLI induced significant small-droplet aerosol formation compared to none 

after NI (0.2-1.0 µm; no ventilation). The largest bleomycin aerosol generation was 

observed for the smallest particles (0.2–1.0 µm) with 673.170 (528.802–789.453) 

aerosol particles/liter air (EPI; no ventilation). Room ventilation and smoke evacuation 

led to a reduction of ≥99% and 100% of measured aerosols, respectively.

Conclusion

Jet injectors generate a high number of small-droplet aerosols, potentially introducing 

harmful effects to patients and healthcare personnel. Room ventilation and smoke 

evacuation are effective safety measures when chemotherapeutics are used in clinical 

practice.
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INTRODUCTION

Needle-free jet injectors have been used for over 75 years in dermatological practice 

and vaccination of large populations.1-3 Jet injectors generate high-velocity jet streams 

to effectively deliver liquid drugs into the skin.4 Advantages of jet injectors include the 

avoidance of needle-stick injuries, low risk of contamination, usage in needle-phobic 

patients, less painful drug delivery, swift operation and high patient comfort. However, 

jet injectors are also associated with some disadvantages, such as spill of medication 

and relatively unpredictable delivery within the dermal or subcutaneous layer depend-

ing on the device used.5 Currently, the two most commonly used jet injectors are 

spring-loaded injectors (SLI) that generate high velocity jet streams with fixed volume 

and pressure settings, and gas- or air-powered injectors, such as electronic pneumatic 

injectors (EPI), that operate with tuneable settings to offer more tailored treatments.2

In dermatological practice, jet injectors are used for intralesional delivery of triamcino-

lone acetonide for the treatment of hypertrophic scars, keloids and alopecia areata.6-9 

Off-label intralesional chemotherapy with jet injectors, however, have also shown 

efficacy, such as 5-fluorouracil for the treatment of keloids and hypertrophic scars, 

methotrexate for non-melanoma skin cancer and bleomycin (BLM) for recalcitrant 

warts.10-15 Of these chemotherapeutics, lung toxicity has been reported after high 

cumulative dosages of intravenous BLM (400 U) resulting in lung fibrosis. 16, 17 The 

working mechanism of BLM, an antineoplastic antibiotic, entails its ability to break 

DNA-strands after binding via electrostatic attraction.18, 19 BLM is broken down by the 

enzyme bleomycin hydrolase, additionally to renal clearance, but shows low activity 

in lung and skin tissue.20, 21 For dermatological treatments, lung toxicity in patients is 

not reported because of the use of low dosages (2-4 U), which are administered with 

needle injections (NI) directly in the target area.13

Although jet injectors aim to deliver complete dosages in the skin, large droplets, or 

spill, can be observed directly after injection on the skin surface.4, 22 In addition, direct 

splash back, which occurs during the injection phase, consists of small-droplets (≤ 5.0 

µm) that can become airborne aerosols and potentially expose healthcare profession-

als and patients to lung toxicity risks when chemotherapeutics such as BLM are used.21 

To date, however, no studies have reported on the formation of jet injector-induced 

aerosols, and the risk of lung toxicity due to small-droplet inhalation. In addition, no 

guidelines are available that can advise physicians on safety measures during intral-

esional chemotherapy using needle-free jet injectors.
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Here, we aim to explore the extent of needle-free jet injector-induced small-droplet 

BLM aerosol formation in relation to air ventilation, and to provide safety measures 

for clinical practice.

MATERIALS AND METHODS

Study design

In this experimental ex vivo human skin study, small-droplet aerosol formation gener-

ated by needle-free jet injections were measured using a professional particle sensor 

at different levels of ventilation (Table 1; Figure 1). Dermal injections of BLM, saline 

(SAL) and distilled water (H2O) were performed using EPI, SLI and NI on ex vivo human 

skin in a closed container without ventilation. Experiments with EPI and SAL were 

repeated in an office-like clinical setting with mechanical room ventilation, and with 

additional capturing of airborne particles via a high powered smoke evacuator.

Skin preparation

Human skin samples were anonymously collected after elective abdominoplasty (De-

partment of Plastic Surgery, OLVG Hospital, Amsterdam, The Netherlands), and bulk 

subcutaneous fat was reduced before storage at −20 °C for maximum 8 weeks. The 

skin sample was thawed at room temperature before start of the experiments and 

fixed on a substrate under light tension.

Injection techniques

EPI was performed perpendicularly on skin surface with an electronically-controllable 

pneumatic jet injector (EnerJet 2.0, PerfAction Technologies Ltd., Rehovot, Israel) at 

a pressure of 4 bar and an injection volume of 100 μL (device range: 2-6 bar, 50-130 

μL, maximum jet stream velocity= ≤ 150 m/s).23 The selected EPI setting resulted in 

Figure 1. A schematic illustration of the study design including measurements of jet injection-induced 

small-droplet aerosols with a particle counter (*) at different levels of air ventilation. EPI: electronic 

pneumatic injection
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the highest intradermal drug delivery in a previous study.24 Injection fluids included a 

bleomycin 1 U/ml in saline solution (n = 3; Bleocell, STADApharm GmbH, Bad Vilbel, 

Germany), SAL (n = 3) and H2O (n = 3). A spring-loaded jet injector (Dermojet, AKRA, 

France) with an injection volume of 100 μL of SAL (n = 3) was used for SLI. The jet 

injectors were placed perpendicular on the skin during injections, under light pressure. 

The experiments were repeated with an angled positioning of the jet injector (35-40°), 

leaving a small space between the tip and the skin surface to evaluate the effect of 

incorrect placement in clinic practice.

As control we performed an intradermal NI of 100 μL of SAL with a 0.5 mL insulin 

syringe and 29G needle (n = 3; BD Micro-Fine, 324892, Becton Dickinson, USA).

Small-droplet aerosol measurements without ventilation

Airborne particles of 0.2 – 10.0 µm were measured using a particle counter (Handheld 

2016, Lighthouse, Boven-Leeuwen, The Netherlands) with a flowrate of 0.017 cubic 

feet per interval of 10 seconds. This method of quantification of aerosol concentration 

was validated by Somsen et al.25 Every experiment consisted of particle counting for 

16.5 minutes, divided in three phases: i) baseline (5 minutes), ii) injection phase of 10 

injections (1.5 minute), iii) rest phase (10 minutes). In the no ventilation set-up, the 

Table 1. Overview of interventions.

Jet injection Air ventilation

Interventions Without ventilation, n = 3 With ventilation, n = 3

Description BLM SAL H2O Perpendicular

injection

Angled

injection*

Room

ventilation

Smoke

evacuator**

EPI + - - + - - -

- + - + + + +

- - + + - - -

SLI - + - + + - -

NI - + - - + - -

Total without ventilation

n = 21

Total with ventilation

n = 6

+ : Experiment was performed

- : Experiment was not performed

EPI: Electronic Pneumatic Injection

SLI: Spring-loaded jet injection

NI: Needle injection

BLM: Bleomycin

SAL: Saline

H2O: Distilled water

* Injection at a 35-40° angled positioning to the skin.

** Additional capturing of airborne particles with a smoke evacuator at ≤ 5cm distance from jet injector tip.
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particle counter was placed in close proximity to the jet injector and the skin sample 

inside a closed plastic container without risk of inhalation for the operator (Figure 1).

Small-droplet aerosol measurements with ventilation

To mimic an office-like clinical set-up, the particle counter was placed at inhalation 

level of the operator (vertical distance of 39 cm from the injection site) in a closed 

consultation room with a mechanical ventilation system of 8 air changes per hour 

(Figure 1). EPI (4 bar, 100 μL) with SAL was performed on the ex vivo skin tissue, 

while minimizing any movements in the room (n = 3). SAL was selected as injection 

fluid due to the potential risk of inhalation for the operator in this open room set-up 

and because aerosol formation of SAL was most similar to BLM compared to H2O 

(particles of 1.0-5.0 µm/L air: 21.168 (BLM), 11.140 (SAL) and 2.454 (H2O); Table 2). 

The experiment was repeated with a high powered smoke evacuator (TBH LN 100 

series, Baden-Württemberg, Germany) with its maximum flow rate of 610 liter per 

10 seconds, and an extraction arm (ø5.5 cm) placed within a 5 cm distance of the EPI 

nozzle tip (n = 3).

Data analysis

The maximal aerosol formation per intervention was calculated according to the 

formula below.

Maximal aerosol formation

= Median ( [AP highest, AP highest−1, AP highest−2]n − Baselinen ) ∗ 2

For n = experiments 1, 2 and 3, AP = Aerosol Production, and volume conversion from 

0.017 cubic feet to liter (*2). Data was presented as median and interquartile range 

(Q1-Q3). Mann-Whitney U test was used to assess differences in aerosol concentration 

in different levels of air ventilation. An alpha level of p ≤ 0.05 was considered statisti-

cally significant. Analyses were performed with SPSS version 25 (IBM Corporation, 

Armonk, NY) and Microsoft Excel version 2016 (Microsoft, Redmond, Washington).

RESULTS

Small-droplet aerosol production by needle-free jet injection 

systems

The maximal aerosol formation after EPI, SLI and NI with SAL in a closed container 

without ventilation are shown in Figure 2 and Table 2. Both jet injector systems 

induced significant numbers of the smallest droplet aerosols (0.2 – 1.0 µm) with 
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331.810 (239.241 - 510.980) and 274.308 (140.852 - 322.271) aerosol particles/liter 

air for EPI and SLI, respectively (p = 0.145). Angled positioning (35-40°) of the injector 

tip resulted in a significant increase of aerosol production compared to perpendicular 

positioning (p = 0.038, p = 0.007, EPI and SLI respectively; Figure 2). In contrast to the 

jet injectors, NI induced no small-droplet aerosols (0.2 – 5.0 µm; p < 0.001).

In general, we observed that the majority of the injection fluid was delivered in the 

skin and only a small amount of residual surface fluid was visible after each injection.

Small-droplet aerosol production after EPI with bleomycin, saline 

and H2O

The maximal aerosol production after EPI with BLM, SAL and H2O are presented 

in Table 2 and Figure 2. EPI with BLM resulted in a maximal aerosol production of 

673.170 (528.802 – 789.453) aerosol particles/liter air of 0.2 – 1.0 µm, 21.168 

(13.947 - 22.991) aerosol particles/liter air of 1.0 – 5.0 µm and 116 (48 - 165) aerosol 

particles/liter air of 5.0 – 10.0 µm. Of the aqueous solutions, EPI-induced aerosol 

production with SAL was most similar to BLM (p = 0.007 - 0.691, Table 2).

Figure 2. Box plots with min-max whiskers of aerosol production during needle-free jet injection in a 

closed container without ventilation or in a closed consultation room with ventilation. BLM, bleomycin 

1 U/ml diluted in saline; EPI, electronic pneumatic injection; H2O, distilled water; NI, needle injection; SAL, 

saline; SLI, spring-loaded jet injection
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Jet injector-induced small-droplet aerosols in relation to air 

ventilation

The maximal aerosol production after EPI in relation to air ventilation is shown in 

Figure 2. Compared to no ventilation, EPI with normal room ventilation resulted in a 

≥ 99% reduction of measured aerosols at inhalation level of the operator (p < 0.001; 

0.2 – 10.0 µm). Additional capturing of airborne aerosols using a smoke evacuator 

resulted in a complete reduction of 100% of aerosols (p = 0.038; 0.2 – 1.0 µm). The 

greatest benefit of the smoke evacuator was observed for particles of 0.2 – 1.0 µm. No 

large aerosol particles of 5.0 – 10.0 µm were detected during EPI with air ventilation.

DISCUSSION

To our knowledge, this is the first ex vivo human skin study that explored pneumatic 

jet injector-induced small-droplet aerosol formation after intradermal drug delivery 

of bleomycin in relation to mechanical room ventilation and fume evacuation. We 

showed that pneumatic jet injection is a aerosols generating procedure, specifically 

of small-droplet aerosols that could penetrate deeply into the lungs.26 In a clinical set-

ting, safety measures with room ventilation and a smoke evacuator are of paramount 

importance for capturing generated aerosols.

In this study, we measured a high number of 0.2 – 1.0 µm aerosol particles after 

spring-loaded and gas-powered jet injections compared to no aerosol formation dur-

ing needle injections (no ventilation). Jet injectors propel liquids via high-powered jet 

streams to penetrate the skin and cause some degree of splash back during the initial 

jet-skin contact creating small and large droplets.4, 27 To protect the surroundings from 

contamination with large droplets, a plastic cylinder is installed at the injector tip 

creating a chamber on the skin during treatment, when placed perpendicularly. When 

performing multiple injections, however, the device is lifted between each injection, 

enabling the spread of small-droplet airborne aerosols. We showed that angled posi-

tioning of the injector tip (35-40°) creates a direct airflow passage, and increases the 

maximal aerosol production significantly. When comparing the two jet injector sys-

tems, we found that the EPI generated the highest number of small-droplet aerosols. 

This could be explained by different jet stream characteristics of EPI compared to SLI.

Following the dispersion into air, a number of processes may influence the airborne 

time and spreading distance of droplets, including gravitational deposition (large 

droplets), shrinkage by evaporation, fusion with other airborne particles, and deposi-

tion on surface. 28, 29 Droplets of ≤100 µm usually evaporate in less than 1 second 
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before reaching the ground surface, however, the droplet residue remains in the air. 

For SAL, evaporation of water causes formation of solid salt crystals with a smaller-

droplet diameter, and thereby extending the airborne travel time. Under standardized 

conditions, the time for a water droplet to drop 1 meter varies between 0.3 seconds 

for a droplet of 1000 µm compared to 30.000 seconds for a droplet of 1 µm.28 After 

vaporization of the BLM solution, solid BLM crystals are formed in addition to salt 

crystals, which is reflected in a higher number of small-droplet aerosols (0.2 - 0.1 µm), 

compared to SAL alone. The aerosol diameter is relevant for the potential deposition 

location within the respiratory tract after inhalation, and the extent of pulmonary tox-

icity. Aerosols of ≤ 3 µm are deeply inhaled into the lungs, reaching the alveoli, while 

bigger particles will be deposited in the large bronchioles or up to the pharyngeal or 

nasal cavity depending on the particle size.26, 30

Of the large amount of jet injector-induced aerosols, only a fraction was measured at 

inhalation level when the procedure was performed with standard mechanical room 

ventilation. However, this may depend on characteristics of the room ventilation, 

such as the air refreshment rate and airstream of the specific room in which the 

procedure is performed in. The additional use of a high-powered smoke evacuator 

in close proximity (≤ 5cm) to the injector tip led to an almost undetectable forma-

tion of small-droplet aerosols. Beside protection of direct inhalation, incorporating a 

powerful smoke-evacuator during jet injector treatments reduces the risk of environ-

mental contamination with small and large droplets containing BLM residue. From 

other aerosol generating procedures, we have learned that a high-powered smoke 

evacuator is an important tool to protect physicians from transmission of airborne 

pathogens.31 For this reason, Mohs surgeons are advised to use personal protective 

measures and a smoke evacuator when treating the oral or nasal mucosa.32 In addi-

tion, laser surgeons use a smoke evacuator to capture laser-induced fume, containing 

hazardous substances including toxic, carcinogenic and viral pathogens, such as HPV 

when treating warts.33

Limitations of this study includes the use of SAL to mimic BLM aerosol formation in 

the room ventilation experiments. Formed SAL aerosols may be an underestimation of 

the produced BLM aerosols, which emphasizes the use of a high-powered evacuator 

systems to capture airborne aerosols as safety measure in clinical practice. In addition, 

this is an ex vivo study with healthy human skin while aerosol formation may differ 

during BLM administration by jet injectors in in vivo cutaneous pathologies. Skin tis-

sues with a higher surface tension and consistency, such as fibrotic keloid scars, could 

potentially lead to a higher aerosol production compared to healthy tissue. Moreover, 
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jet specific settings such as pressure, injection volume, nozzle size and operating 

mechanism could also influence the extent of aerosol production.

Recommendations for clinical practice

At our tertiary academic hospital, we frequently treat patients with recalcitrant com-

mon warts, keloids and hypertrophic scars with intralesional BLM using SLI.13, 15 Be-

cause of the cumulative risk of lung toxicity after repeated exposure to small amounts 

of BLM, it is necessary to prevent lung exposure of procedure-generated aerosols for 

healthcare workers and patients. This is also highly relevant for treatments with other 

chemotherapeutics such as 5-fluorouracil or methotrexate.26 In addition, physicians 

should be aware that jet injectors can also produce bio aerosols containing blood, 

viruses or bacteria, and are, therefore, a risk for airborne transmission of infection.34, 35 

Here, we demonstrated that jet injector produced aerosols are adequately captured 

when mechanical room ventilation is combined with a high-powered smoke evacua-

tor. To ensure safe intralesional chemotherapy, we advised to use the following safety 

precautions: disposable gloves, safety goggles, a smoke evacuator (≤ 5cm distance of 

the jet injector tip), and a surgical mask or FFP-2 mask, the latter in case of absence of a 

smoke evacuator, for the physician and patient. Importantly, avoid angled positioning 

of the jet injector tip on skin surface to prevent a further increase in aerosol formation.

CONCLUSION

In this ex vivo human skin study, we demonstrate that after intralesional chemotherapy 

using needle-free jet injectors a large number of small-droplet aerosol particles is 

produced. To prevent deep lung inhalation of potentially toxic aerosols, the use of 

mechanical room ventilation combined with a high powered smoke evacuator is of 

paramount importance when using jet injectors in clinical practice.
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INTRODUCTION

Keloidal scars are a common inflammatory disorder characterized by the formation 

of excessive fibrotic tumors in the skin associated with pain, itch and negative effects 

on mental well-being.1-3 First-line treatment consist of intralesional corticosteroid 

injections with hypodermic needles, but has significant drawbacks including the oc-

currence of severe injection-related pain and difficulties to penetrate the dense keloid 

tissue resulting in highly variable and operator dependent success rates.4 Needle-free 

jet injectors (NFI) have been developed to overcome most of these restraints by 

generating high-velocity jet streams to penetrate the skin in a standardized more 

patient-friendly manner.5 Electronically-controlled and air-powered pneumatic jet 

injectors (EPI) with bleomycin-containing liquids, a chemotherapeutic that showed 

high efficacy in keloids, could potentially provide superior bioavailability with higher 

clinical response rates while having minimal patient discomfort during treatment.

The scope of this thesis was to explore an innovative new delivery method for effec-

tive and minimally invasive treatment of keloidal scars as alternative for hypodermic 

needles. To develop a novel treatment, it is key to first understand the EPI drug delivery 

process with the cutaneous biodistribution and pharmacokinetic profiles, the clinically 

relevant user and safety aspects, and subsequently evaluate the clinical effects in a 

relevant patient group. Our findings of the conducted studies on these subjects form 

the basis of this thesis and have been presented and discussed in chapter 2 - 5. In this 

chapter, a general discussion on the main findings is provided as well as an outlook 

and suggestions for future research.

INTERPRETATION OF MAIN FINDINGS

Bleomycin in dermatology

Bleomycin is an antineoplastic agent registered for high-dose intravenous admin-

istration in the treatment of squamous cell carcinoma of the head and neck and 

germ cell tumors.6 In the search for optimization of the treatment of keloidal scars, 

intralesional administration with low-dosages of bleomycin as off-label drug have 

been investigated in multiple clinical controlled trials. In the study presented in this 

thesis, we performed a systematic review evaluating the available data on the efficacy 

and tolerability of intralesional bleomycin as off-label treatment for keloidal scars and 

various other skin diseases (chapter 2.1). In general, intralesional bleomycin injections 

were successful as treatment for keloids, hypertrophic scars and recalcitrant common 

warts, where most evidence was available for the latter. Only minor local adverse 
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events were reported such as erythema, blackening and superficial ulceration. The 

methodological quality of the studies, however, was generally low. The drug delivery 

technique most often used in keloids included injection with hypodermic needles or a 

multi-puncture technique for which pretreatment with local anesthetics was required. 

None of the included keloid studies reported on NFI-assisted bleomycin delivery. Saray 

et al, however, investigated intralesional bleomycin administered with a spring-loaded 

jet injector (Dermojet) in recalcitrant keloids and hypertrophic scars.7 This study was 

not included in the systematic review because of the uncontrolled study design. 

Interestingly, 73.3% of the patients showed complete flattening of the scars after 

2-6 treatments with bleomycin (1.5 IU/ml). Treatment-related pain was not reported, 

but local anesthetics were provided prior to treatment possibly needed because of 

the pre-selected high driving pressure of the jet injector (98 bar). Interestingly, newly 

developed EPI devices operate with tunable settings, enabling tailored treatments 

with potentially less injection-related pain.8 We concluded that based on the avail-

able evidence, bleomycin administered by EPI could be a promising new therapeutic 

combination to treat keloid scars. However, ex vivo human as well as pre-clinical in-

vestigations were needed to answer the current research gaps prior to starting clinical 

studies with bleomycin in the target population.

Dermal drug visualization and quantification

In order to achieve a good clinical response after EPI-assisted drug delivery in keloidal 

scars, it is important to achieve a high bioavailability of drug-containing liquid in the 

dermis. Spatiotemporal analyses can visualize and measure the dermal biodistribution 

and cutaneous pharmacokinetics of liquid drugs administered by EPI into the skin. 

Despite the available clinical studies describing jet injector treatment of bleomycin in 

patients with keloid scars7, 9, the studies in this thesis present the first dermal drug 

visualization and quantification of EPI in the pertaining literature. In chapter 3.1, 

an explorative ex vivo pig skin study was conducted to visualize the biodistribution, 

alterations in skin architecture and clinical endpoint of EPI-assisted delivery of acridine 

orange, an aqueous fluorescent dye, using ex vivo confocal microscopy. We observed 

that EPI at 4 bar and 6 bar with an injection volume of 50 µL resulted in similar deep 

dermal drug delivery with mostly a hemispherical spatial distribution. For EPI with 6 bar, 

the axial distribution was 2399 µm (2024-2758) and the lateral distribution was 6187 

µm (5351-6544). This is the first part in establishing EPI’s spatiotemporal profile, sug-

gesting that EPI is capable to achieve adequate drug delivery in the dermis. Erlendsson 

et al. also investigated EPI drug distribution (same device) in ex vivo pig skin, however, 

at 3.1, 3.9 and 4.6 bar and with 80 µL injection volume by evaluating histological 

sections only.10 They observed a similar drug distribution pattern in the dermis as 

reported in our study, but found that the depth was pressure depended whereas the 
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lateral distribution was independent of the pressure levels examined. Interestingly, no 

statistically significant difference was observed in our study for EPI spatial dimensions 

with a pressure of 4 bar compared to 6 bar. Suggesting that vertical distribution is 

pressure dependent only at low pressure levels (< 4.6 bar), or larger injection volumes 

of > 50 µL are required to show an effect in distribution dimensions when altering 

the pressure level. In addition, we showed that the high-velocity jet stream caused 

disruption of the skin architecture visualized on ex vivo confocal microscopy images 

and histological sections. This disruption of fibrous tissue and collagen strands could 

be beneficial in the treatment of keloids through activation of dermal remodeling 

during the wound-healing response.11 Moreover, a clear blanched skin papule was 

visible at skin surface immediately after injection, which we interpreted as potential 

clinical endpoint for dermal drug delivering. From this study we concluded that EPI is 

capable of delivering aqueous drugs in the desired target tissue for the treatment of 

dermatological indications.

Characterization of the cutaneous pharmacokinetics (dermal drug concentration over 

time) could not be examined in the ex vivo pig study described in chapter 3.1. There-

fore, we subsequently performed an in vivo pig skin study as described in chapter 3.2, 

in which we evaluated the cutaneous pharmacokinetics, biodistribution and explored 

the tolerability of EPI with bleomycin. Spatiotemporal visualization with MALDI-MS 

imaging and drug quantification with LC-MS was performed at 0, 1, 48 and 216 

hours after EPI (6 bar; 100 µL) with bleomycin (15000 IU/ml). The cutaneous phar-

macokinetics exhibited an expected peak concentration of bleomycin directly after 

injection, which slowly decreased over time until the point of full clearance after 9 

days. Moreover, the maximum dermal bleomycin concentration was measured directly 

after EPI injection of 109.2 µg/cm3 (43.9–175.2), corresponding to ~ 109 µg/g. In 

order to make assumptions on potential clinical effect with EPI administration to the 

skin, the dermal concentration can be compared to skin tumor concentrations during 

intravenous bleomycin therapy. Kosjek et al. reported a tumor concentration (head 

and neck cancer) of only ~ 0.1 µg/g after 8 minutes of intravenous infusion with 

bleomycin (15000 IU m-2) that leads to significant clinical responses.12 We assume that 

intralesional EPI treatment with low dosages of bleomycin can achieve therapeutic 

effect by directly targeting the dermis and minimizes the risk of adverse effects. The 

last part of the spatiotemporal profile of EPI was completed by assessment of the in 

vivo biodistribution. MALDI-MSI revealed a mid-dermal distribution pattern with a 

triangular shape that homogenously spread axial and lateral into the deep dermis 

after 1 hour, confirming our findings in chapter 3.1. Tolerability assessment showed 

mild local skin responses, such as erythema and edema, while skin integrity was not 

affected when evaluated by measuring transepidermal water loss. We concluded that 
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EPI has an optimal spatiotemporal profile for dermal drug delivery of bleomycin and 

is well-tolerated, making it a suitable method for the treatment of skin pathologies.

User and safety aspects

EPI has been used for dermal drug delivery with various therapeutic drugs in clinical 

practice.8, 13, 14 To date, however, there are no published studies that evaluated the EPI 

user aspects or safety measures that are required prior to performing pivotal inves-

tigations with bleomycin in human clinical trials. Selecting EPI parameters guided by 

pre-defined clinical endpoints is an important user aspect of EPI treatment, providing 

clinical information corresponding with intradermal drug distribution and, therefore, a 

potential clinical effect. In laser dermatology, clinical endpoints for effectiveness have 

been defined for most devices in order to guide physicians in selecting the device set-

tings and obtain a good clinical response.15 For example in tattoo removal treatment, 

whitening of the skin is the desired clinical endpoint when treating with Q-switched 

lasers. The study presented in chapter 4.1 defines the clinical endpoints of EPI and 

relates these endpoints to dermal drug distribution and risk of subcutaneous deposi-

tion in an ex vivo human skin study. We observed that the immediate skin papule, as 

suggested in chapter 3.1, and residual surface fluid are suitable clinical endpoints 

during EPI treatment. After evaluation of multiple EPI device parameters (device range: 

2-6 bar, 50-130 μL), the 4 bar pressure level and an injection volume of 100 μL resulted 

in the largest skin papule volume of 48 mm3, and diameter of 9.8 mm, corresponding 

to the widest dermal distribution of 8.0 mm. Overall, a moderate/high positive cor-

relation was observed for the skin papule volume and the dermal distribution (rs=0.63 

for dermal width, rs=0.58 for dermal depth; p<0.001). For EPI treatment in clinical 

practice, operators should start at a low pressure setting (e.g. 2 bar) and increase 

the pressure until a large skin papule is generated, relating to successful dermal drug 

delivery. Fluid on the skin surface was directly visible after each EPI injection, and the 

amount of fluid depended on the pressure level used. The mechanical mechanism is 

based on the difference in the jet stream velocity which is ± 50 times faster compared 

to the volumetric rate of (porcine) skin to fracture.16 Consequently, jet stream back-

flow occurs, visible for the operator as post-injection residual fluid on top of the skin. 

When combining the results of the assessed outcome measures, we observed a trend 

in which a small skin papule (≤ 7mm) together with minimal fluid on the skin surface 

(≤10% of injection volume) could act as warning signs for deep penetration into the 

subcutaneous tissue. Adverse effects related to unwanted subcutaneous deposition 

in patients include lipoatrophy when injecting corticosteroids, or a higher risk for 

systemic absorption when injecting chemotherapeutics such as bleomycin. Finally, a 

spring-loaded jet injector with fixed settings showed high variability for all outcome 

measures between single injections. We conclude that clinical endpoints are impor-
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tant user aspects for EPI treatment that represent successful delivery of liquid drugs in 

the dermis. These clinical endpoints can support the physician in selecting optimal EPI 

settings in order to achieve a good clinical response.

For the deployment of medical devices in clinical practice it is of crucial importance 

to maintain the safety of patients and healthcare professionals during treatment. 

High-speed camera recordings of EPI injections in in vitro studies illustrated immediate 

splash back of the high-velocity jet stream during the injection phase.5 When operat-

ing with bleomycin, inhalation of potentially formed aerosols need to be prevented 

at all times because of the risk of lung toxicity.17 In chapter 4.2, we are the first to 

report on EPI-induced aerosol formation of bleomycin in an ex vivo human skin study. 

We observed that EPI and a spring-loaded jet injector with fixed settings generated a 

substantial number of small-droplet aerosols of 0.2-1.0 μm during injection, especially 

when compared with the absence of aerosol formation during conventional needle 

injection. EPI with bleomycin resulted in the highest maximum aerosol formation of 

673.170 (528.802–789.453) aerosol particles/liter air of 0.2–1.0 μm, in a room space 

without ventilation. Small-droplet aerosols of 100 µm evaporate within a second,18 

while leaving a solid airborne bleomycin crystal. The diameter of the airborne particle 

largely determines the penetration depth in the respiratory tract upon inhalation. 

Bleomycin aerosol particles of ≤ 3 µm can penetrate deep into the lung tissue reach-

ing the alveoli, potentially leading to lung toxicity.19 Experimental studies with mice 

showed a dose-response (range 1-4 mg/kg) in the severity of inflammation and lung 

fibrosis when bleomycin is administered intratracheally.20 Therefore, appropriate safety 

measures need to be taken to prevent inhalation of bleomycin when administered to 

the skin with EPI. During ablative laser treatments in dermatology, laser produced 

fume is extracted by a smoke evacuator at close proximity to the treatment site to 

capture any toxic particles and contaminating pathogens.21 In our study, we observed 

that normal room ventilation and extra aerosol extraction using a smoke evacuator 

reduced the measured aerosols at inhalation level with ≥99% and 100%, respectively. 

Based on these results, we concluded that room ventilation and smoke evacuation 

are effective and mandatory safety measures during EPI-assisted dermal delivery of 

chemotherapeutics in clinical practice. Additional safety measured include the use 

gloves, safety goggles, a standard surgical or FFP2 mask for the physician and patient, 

and to position the injector hand piece perpendicular on the skin to avoid any increase 

in aerosol production. When targeting tissue with a higher surface tension, such as 

keloids, we assume that aerosol formation during EPI injection will be increased, 

underlining the importance to implement these safety measures in clinical practice.
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Clinical perspectives for keloid treatment

The controllable EPI device used in our studies is CE certified for intralesional cortico-

steroid injections in hypertrophic and keloid scars, and is offered as new treatment op-

tion in our outpatient clinic at Erasmus MC Medical Center, The Netherlands. In chap-

ter 5.1, we performed a retrospective study on EPI-assisted triamcinolone acetonide 

(TCA) delivery in keloids to get a first clinical impression of its real-world effectiveness, 

tolerability, and patient experiences. Ten patients with in total 283 recalcitrant keloids 

were included that were offered EPI+TCA treatment because of unresponsiveness to 

previous treatments, needle-phobia or severe procedure-related pain during previ-

ous needle injection treatments. We observed that three EPI+TCA treatments at a 

mean 7-weekly interval resulted in a significant improvement of 34.5% and 26.9% 

respectively on the POSAS ‘observer’ and ‘patient’ scale, and ‘(very) improvement’ on 

the GAIS. Unfortunately, no direct comparison could be made to other studies since, 

to our knowledge, no studies were available investigating TCA treatment in severe 

recalcitrant keloids, while evaluating clinical improvement with POSAS. In treatment 

naive keloids, however, Nor et al. investigated intralesional TCA injections (40 mg/ml) 

with hypodermic needles at a 4-week interval and reported a similar improvement on 

the POSAS ‘observer’ score of 34.7% after 3 treatments.22 Shorter treatment intervals 

may potentially result in higher response rates. At an interval of 2 weeks, Wang et al. 

reported an improvement on the POSAS ‘patient’ and ‘observer’ scale of 45.8% and 

45.6%, respectively, after three sessions of needle+TCA (10mg/ml) in non-recalcitrant 

keloids.23 EPI+TCA treatment was well-tolerated with injection-related NRS pain 

scores of 4.3 ± 1.9 (range 0-10) that was statistically significant lower compared to 

6.1 ± 1.9 for needle injections (pilot treatment). This 30% difference corresponds to 

the minimal clinical important difference of ≥ 30% improvement used to evaluate 

treatment-related pain.24 Here, we found a tolerable treatment without the need 

for local anesthetics. If desirable, however, further decrease in injection-related pain 

could potentially be achieved by using a mixture of TCA with local anesthetics, or 

by prior application of topical anesthetics.25 This is supported by Levenberg et al., 

which showed a low NRS pain score during TCA + 5-fluorouracil treatment in keloids 

administered with EPI (same device) of 2.0 ± 1.0, while adding 0.1% lidocaine to the 

mixture.8 In our study, only minor adverse effects were reported such as transient 

pain, hematoma, or mild skin atrophy in 4 patients (40%), which consisted of 11 

keloids in total (4%). The occurrence rate of skin atrophy is similar as reported for 

conventional TCA needle injections of approximately 23.5% – 60% of treated keloid 

patients.22, 26-28 The exact occurrence rate per treated keloid, however, is unknown. 

Atrophy was mostly seen in the adjacent normal skin, probably due to unwanted 

dispersion by EPI, or diffusion of the TCA solution. Although atrophy was not men-

tioned by our patients as bothersome, skin atrophy could be an unwanted adverse 
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effect on cosmetically sensitive areas such as the face. At follow-up, we conducted a 

patient survey that showed that 90% of the patients preferred TCA treatment with 

EPI compared to needle injections and would recommend this treatment to others. 

We, therefore, concluded that EPI+TCA is a successful and tolerable treatment in 

patients with recalcitrant keloids. Due to minimal reported injection pain and posi-

tive responses from patients, EPI could be a promising administration technique for 

recalcitrant keloid patients with needle-phobia or severe treatment-related pain with 

hypodermic needles.

Here, we mainly focused on the patient perspective of EPI treatment. From an opera-

tor’s perspective, however, the EPI was experienced as a fast and easy-to-use device. 

From our treating physicians we learned that they particularly appreciated the tunable 

parameters, which enables personalized treatment of the keloid scars. They observed 

that more efficient drug delivery, directly visible by a large skin papule and low amount 

of residual surface fluid (chapter 4.1), was better achieved in soft keloids that received 

previous TCA treatments compared to untreated dens keloids. Baxter et al. performed 

pre-clinical studies on jet injection-induced skin puncture and confirmed that the 

delivered fluid volume decreased in skin tissues with higher Young’s modulus, cor-

responding to a higher tissue stiffness (see Introduction of this thesis).16 The Young’s 

modulus of normal skin, untreated keloid and treated keloids with intralesional TCA 

injections has been measured with high-frequency ultrasound.29 Supporting our clini-

cal observations, untreated keloids resulted in the highest Young’s modulus, followed 

by the treated keloids and the lowest Young’s modulus was found for normal skin 

tissue. Since the EPI device allowed adaption of the driving pressure, higher pressures 

were selected for the treatment of dens keloids to achieve the desirable clinical end-

points. A major drawback of EPI, however, still is the high purchase cost of the device 

and disposable nozzle-kits that will be an obstacle for large-scale implementation in 

dermatology clinics. On the other hand, the investment may pay off because the EPI 

treatment could save many painful and less effective treatments with hypodermic 

needles, but this needs further evaluation in a cost-effectiveness study. Lastly, for 

tertiary referral centers or specialized scar clinics that treat a large number of patients 

the investment in an EPI device should be considered.

FUTURE PERSPECTIVES

The evaluation of EPI for dermal drug delivery of bleomycin in keloids was presented 

in the works of this thesis. In the following paragraphs, future research opportunities 

of EPI with bleomycin in keloids will be discussed, followed by a discussion on other 
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promising applications of EPI in the near future as well as suggestions for engineering 

improvements for the next generation EPI devices.

The future of intralesional bleomycin treatment administered with 

EPI for keloid scars

In this thesis, we explored EPI-assisted drug delivery in healthy skin tissues. Next, an 

in vivo keloid model or excised ex vivo keloid tissue should be used to explore the 

spatiotemporal profile of bleomycin administered by EPI, which closely relates to the 

real-world treatment of keloids in clinical practice.30 In addition, in vivo human keloid 

tissue could function as model to confirm our previously observed clinical endpoints in 

relation to the dermal biodistribution. Moreover, a high-speed camera recording study 

may be conducted to compare the jet stream backflow and splatter in slow motion 

when injected on ex vivo healthy human skin compared to ex vivo keloid tissue with 

a higher Young’s modulus.29

Although no major adverse reactions have been reported after intralesional bleomycin 

treatment at low dosages, the safety and systemic uptake may be investigated in a 

study with healthy volunteers. However, more interesting would be to perform an ex-

plorative proof-of-concept study in the form of a high-quality randomized controlled 

trial (RCT) comparing EPI with bleomycin to EPI with placebo in a split-lesion keloid 

design. The high-velocity jet stream of EPI may also lead to a mild scar improvement 

or volume reduction in the placebo group due to tissue/collagen disruption leading to 

a wound healing process and tissue remodeling.11 Modern imaging techniques may 

be used for the outcome measure evaluation such as a 3D-camera for keloid volume 

assessment, laser speckle contrast imaging for assessments of blood perfusion and 

an e-diary in which patients could monitor pain, itch and local skin reactions.31-33 

If positive results from this study were found, next, a head-to-head study should 

compare EPI with bleomycin to EPI with corticosteroids (first-line treatment) and/or 

EPI with a mixture of bleomycin with TCA in keloids in a well-powered RCT as a 

foundation for future implementation in international guidelines and ultimately daily 

clinical practice. Also, EPI treatment with bleomycin (and TCA) should be explored in 

children with recalcitrant keloids, since some children now require many sessions with 

general anesthesia to facilitate intralesional treatment with TCA using hypodermic 

needle injections.

Other applications to be explored for EPI

The benefits of needle-free drug delivery with EPI are certainly not limited to the 

treatment of keloid scars. EPI holds great potential for broader applications in der-

matology including intralesional delivery of chemotherapeutics such as bleomycin or 
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5-fluorouracil with EPI in the management of non-melanoma skin cancer34. More-

over, intralesional corticosteroid treatment with EPI could be performed in a variety 

of inflammatory diseases including prurigo nodularis, lichen simplex, nail psoriasis, 

alopecia areata, and recalcitrant psoriasis plaques and hidradenitis suppurativa lesions 

that are unresponsive to monoclonal antibodies.35 In addition, EPI could be suitable 

for children receiving local anesthetics for small surgical procedures to avoid traumatic 

experiences with painful needle injections which may lead to rise of fear for doctors 

and/or hospitals in general.36 Even more importantly, EPI could make a come-back in 

new vaccination strategies as this currently is the key world public health intervention 

to battle the COVID-19 pandemic. Although the current vaccines are highly effective, 

a part of the population avoids vaccination. Fear for blood, injury and needle injection 

are the mean reasons to avoid vaccination in many individuals (11.5% of adults in 

the UK)37, underlining the need for a minimally invasive and needle-free vaccination 

programs.

Suggestions for engineering improvements for next generation EPI 

devices

Currently, the choice of EPI device systems is often limited by the property to manually 

select the driving pressure and injection volume. However, further development in in-

dustry and academia may lead to more effective and cheaper new generation devices. 

The main mechanical limitation that needs to be addressed is the direct back splash of 

the jet stream causing aerosol formation, residual fluid on the skin surface and lower 

efficiency rates. A spacer with shorter stand-off distance may reduce the jet backflow, 

while simultaneously increase the drug percentage delivered intradermally.38 Valve 

placement in the injector tip could prevent outside air backflow in the temporarily 

de-pressurized nozzle which leads to a reduction of the jet velocity during injection.39 

In addition, to directly anticipate to the different elasticity properties of skin patholo-

gies, a feedback control system could be placed in which a sensor measure the skin 

Young’s and regulates the device parameters accordingly.29 Aerosol formation should 

also be addressed in which a local droplet evacuator system could be integrated in 

the injector tip to directly capture all formed aerosols during the injection procedure.40 

Another solution could be to integrate a water droplet sprayer, in which the airborne 

small-droplet aerosols fuse with the larger water droplets and directly fall on the skin 

surface.41

In the last decade, EPI actuated by laser energy has gained increasingly interest.42 

With the use of optical energy, a liquid bubble is created that drives the formation of 

a micro-jet for penetration of the epidermis. Interesting advantages of laser-assisted 

micro-jet injection include the volume accuracy (1 nL to 2 µL)43, 44, enhanced adapt-
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able penetration depth (100-1400 µm, measured in porcine skin)39, 45, large target 

area by using an array of micro-jets, high repetition rate (10-15 Hz)46 and potentially 

less pain and bruising. Although highly interesting for vaccines that are targeted to 

reach antigen-presenting cells that are most prominent in the epidermis47, the small 

injection volumes and superficial jet penetration are probably less suitable for the 

treatment of keloid scars.

OVERALL CONCLUSIONS

In this thesis, the evaluation of an effective and minimal invasive treatment for keloid 

scars with a needle-free jet injection device was described by focusing on five pillars:

1. Literature assessment to determine the current available evidence and research 

gaps for intralesional bleomycin treatment in dermatology.

2. Exploration of the spatiotemporal profile of EPI-assisted dermal delivery of bleomy-

cin.

3. Definition of EPI’s clinical endpoints.

4. Establishment of EPI safety measures for intralesional bleomycin and other forms 

of chemotherapy.

5. Primary clinical evaluation and patient satisfaction of the currently available intral-

esional corticosteroid treatment with EPI in keloid scars.

The results from the studies described in this thesis show that previously reported 

studies investigating intralesional bleomycin treatment with hypodermic needles 

showed high efficacy and safety in keloid scars but are painful and require (painful) 

prior infiltration with local anesthetics. Electronically-controlled pneumatic jet injec-

tors, however, deliver drugs in a minimally invasive way without the use of needles, 

while achieving a high bioavailability of bleomycin in the skin. Tunable EPI devices 

enable manual adjustment of parameters (driving pressure and injection volume) for 

tailored treatment in clinical practice. Guidance in selecting optimal parameters is 

provided by using the following clinical endpoints that indicate dermal drug delivery: 

the immediately visible skin papule and residual surface fluid. Furthermore, safety 

during intralesional chemotherapy is ensured by using a smoke evacuator in addition 

to the standard safety measures (gloves, safety goggles, etc.) to prevent aerosol inha-

lation generated by EPI. Lastly, primary evaluation of EPI with corticosteroids showed 

high efficacy and patient satisfaction in recalcitrant keloid scars with minimal injection 

pain. In conclusion, with these works we paved the way for EPI-assisted delivery of 

bleomycin as potentially more effective and minimal invasive treatment in keloid scars 

and formed a solid basis for future high-quality randomized clinical trials.
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SUMMARY

Keloidal scars or ‘keloids’ are benign nodular tumors of the skin caused by excessive 

fibroblastic proliferation as a response to local skin injuries such as trauma, acne, sur-

gery or skin piercing. They are associated with considerable negative effects on social, 

physical and psychological well-being. First-line treatment consist of intralesional cor-

ticosteroid injections with hypodermic needles, but has several important drawbacks 

such as severe injection-related pain and highly variable, operator-dependent success 

rates. Electronically-controlled pneumatic jet injectors (EPI) have been developed to 

deliver drugs in the dermis in a standardized, needle-free and less painful manner, 

while enabling tailored treatment with tunable parameters such as driving pressure 

and injection volume. In this thesis we explored EPI-assisted dermal drug delivery of 

bleomycin (chemotherapeutic) as a novel treatment for keloid scars that could poten-

tially lead to a high skin bioavailability, better patient satisfaction, and, ultimately, in 

higher clinical effectiveness compared to conventional hypodermic needle injections.

Chapter 1 describes the problem definition as well as the aims and outline of this 

thesis. The identified problem entails that not all topically applied drugs can cross 

the skin barrier, while this is needed to achieve a therapeutic effect in the skin. To 

overcome this problem, advanced techniques have been developed to optimize the 

cutaneous delivery of (liquid) drugs. The primary objective of this thesis was to explore 

an innovative needle-free drug delivery technique that was developed to facilitate a 

more effective, minimally invasive and patient-friendly treatment for patients with 

keloid scars. The conducted studies entail exploration of EPI-assisted drug delivery of 

bleomycin in ex vivo and in vivo pig and human skin models, as well as translational 

studies to assess user and safety aspects for clinical practice, and, lastly, a real-world 

study describing the EPI-assisted TCA treatment in patients with recalcitrant keloids.

Chapter 2 broadly describes the currently available clinical evidence for bleomycin as 

intralesional treatment for keloids and other dermatological conditions. The findings 

of chapter 2.1 show that intralesional bleomycin treatment results in high efficacy 

rates for common warts, keloids and hypertrophic scars. However, the majority of 

studies investigated common warts and these results were based on clinical trials of 

low methodological quality. The most commonly studied administration technique 

was conventional (hypodermic) needle injection which requires pre-treatment with 

local anesthesia.

Chapter 3 describes pre-clinical EPI investigations on drug delivery characterization, 

pharmacokinetic profiles and bioavailability of bleomycin-containing liquids in porcine 
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models. In chapter 3.1, we conclude that EPI injections with a fluorescent dye (acridine 

orange) into ex vivo porcine skin results in fluid distribution deep into the dermis, 

visualized with an ex vivo confocal microscope. Immediately following EPI injection, a 

papule of the skin was observed, which was identified as a potential clinical endpoint 

for intradermal fluid administration. In chapter 3.2, liquid chromatography-mass spec-

trometry was used to demonstrate that EPI injections lead to a high concentration of 

bleomycin in the skin in an in vivo pig model. In addition, matrix-assisted laser desorp-

tion ionization-mass spectrometry imaging showed that EPI induces a homogeneous 

distribution of bleomycin in the dermis. We concluded that the observed high skin 

bioavailability holds great potential for effective treatment in humans and warrants 

further exploration in future clinical trials.

Chapter 4 describes translational studies on ex vivo human skin in which the clinically 

relevant user and safety aspects of needle-free jet injectors for clinical practice were 

evaluated. In chapter 4.1, we confirmed that the skin papule dimension and residual 

fluid volume on the skin surface are well correlated with the intradermal distribution 

of injection with EPI and a spring-loaded jet injector (SLI). These clinical endpoints 

are essential for daily clinical practice, since they allow adjustment of the jet injector 

settings until the intended clinical endpoint is visible and successful drug delivery is 

achieved. In chapter 4.2 we conclude that injections with EPI and SLI generate signifi-

cant small-droplet aerosols of bleomycin measured with a professional particle sensor. 

In order to protect the safety of health workers and patients, normal room ventilation 

with additional capturing of aerosols with a high-powered smoke evacuator is re-

quired to prevent inhalation of potentially toxic airborne particles during intralesional 

chemotherapy.

Chapter 5 describes a retrospective study in which the effectiveness, tolerability and 

patient-preferences of real-world EPI treatment in daily clinical practice were evalu-

ated. In chapter 5.1 we conclude that three sessions of intralesional triamcinolone 

acetonide (TCA; current first-line treatment) administered with EPI in patients with 

recalcitrant keloids, results in a significant clinical improvement in patient and observer 

scar assessment scale as well as the global aesthetic improvement scale. EPI treatment 

is well-tolerated without the use of local anesthetics and patients report significantly 

lower injection-related pain scores for EPI compared to injection with hypodermic 

needles. Lastly, a patient survey shows that 90% of patients would recommend EPI 

treatment with TCA to other patients, and prefer this drug delivery system over con-

ventional hypodermic needle injections.
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Chapter 6 provides a discussion and interpretation of the main findings of this thesis 

and includes suggestions for future research on needle-free dermal drug delivery with 

EPI in the treatment of keloids, and beyond.





 Chapter 7.2

Samenvatting





213

Samenvatting

7.2

SAMENVATTING

Keloïd littekens of “keloïden” zijn goedaardige fibrotische tumoren van de huid die 

ontstaan als reactie op plaatselijke huidschade zoals trauma, acne, chirurgie of huid 

piercings. Ze gaan gepaard met aanzienlijke negatieve gevolgen voor het sociale, 

fysieke en psychologische welzijn. De eerste keuze van behandeling zijn corticosteroïd 

naald injecties in het keloïd litteken, maar deze behandeling heeft grote nadelen zoals 

ernstige pijn door de injectie en een grote variatie in de succespercentages tussen ver-

schillende behandelaars. Elektronisch aangestuurde pneumatische jet injectoren (EPI), 

die werken op basis van luchtdruk, zijn ontwikkeld om geneesmiddelen zonder naald 

in de huid te injecteren op een gestandaardiseerde en nagenoeg pijnloze manier. 

Tegelijkertijd is behandeling op maat mogelijk door de verschillende instellingsmo-

gelijkheden van het apparaat zoals de druk en het injectievolume. In dit proefschrift 

onderzochten we de EPI-geassisteerde geneesmiddelafgifte in de huid van bleomycine 

(chemotherapeuticum) als een innovatieve behandeling die mogelijk leidt tot een 

hogere biologische beschikbaarheid in de huid, een goede patiënttevredenheid en, 

uiteindelijk, tot een grotere verbetering van het keloïd litteken.

Hoofdstuk 1 beschrijft de probleemstelling, de doelstellingen en de opzet van dit 

proefschrift. Een bekend probleem is dat niet alle geneesmiddelen die op de huid 

worden aangebracht (b.v. in een crème of zalf) de huidbarrière kunnen passeren, 

terwijl dit wel wenselijk is voor de behandeling van huidziekten. Om de huidbarrière 

goed te doordringen zijn geavanceerde technieken ontwikkeld om de toediening van 

(vloeibare) medicatie in de huid te optimaliseren. Het doel van dit proefschrift was 

om een innovatieve en naaldvrije methode voor geneesmiddel toediening in de huid 

te onderzoeken om zo een effectievere, minimaal invasieve en patiëntvriendelijke 

behandeling voor patiënten met keloïden te verwezenlijken. De uitgevoerde studies 

omvatten onderzoeken naar EPI-geassisteerde geneesmiddelafgifte van bleomycine in 

ex vivo en in vivo varkens- en humane huidmodellen, evenals translationeel onderzoek 

om gebruiks- en veiligheidsaspecten van EPI voor in de klinische praktijk te evalueren. 

Ten slotte beschrijven we een ‘real-world’ studie waarin een corticosteroïd d.m.v. EPI 

werd toegediend aan patiënten met moeilijk te behandelen keloïden.

Hoofdstuk 2 beschrijft in grote lijnen het momenteel beschikbare klinische bewijs 

voor bleomycine als intralesionale behandeling voor keloïden en andere dermatolo-

gische aandoeningen. De bevindingen van hoofdstuk 2.1 tonen aan dat behandeling 

met intralesionale bleomycine resulteert in hoge genezingspercentages bij wratten, 

keloïden en hypertrofische littekens. Echter, de meerderheid van de studies onder-

zocht wratten en waren deze resultaten gebaseerd op onderzoeken met een lage 
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methodologische kwaliteit. De best onderzochte toedieningstechniek was de injectie 

met een conventionele naald waarvoor eerst lokale verdoving nodig is.

Hoofdstuk 3 beschrijft experimentele onderzoeken waarin de karakterisering van de 

EPI-geassisteerde geneesmiddelafgifte, het farmacokinetische profiel en de biologische 

beschikbaarheid van bleomycine in de huid werd onderzocht in varkensmodellen. In 

hoofdstuk 3.1 werd geconcludeerd dat EPI injecties met een fluorescerende kleurstof 

(acridine orange) in ex vivo varkenshuid resulteert in een vloeistof distributie tot diep 

in de dermis (‘lederhuid’), zichtbaar gemaakt met een ex vivo confocale microscoop. 

Direct na de EPI injectie is een duidelijk zichtbare papel (bolling/bultje) van de huid 

waargenomen die goed gebruikt kan worden als klinisch eindpunt voor intradermale 

vloeistof toediening. In hoofdstuk 3.2 is met behulp van vloeistofchromatografie-

massaspectrometrie aangetoond dat EPI injecties leiden tot een meetbaar hoge con-

centratie van bleomycine in de huid in een in vivo model in varkens. Daarnaast hebben 

de matrix-geassisteerde laser desorptie ionisatie-massaspectrometrie opnames laten 

zien dat EPI een homogene distributie van bleomycine in de dermis induceert. Hieruit 

kan worden geconcludeerd dat de hoge biologische beschikbaarheid van bleomycine 

toegediend met EPI veel potentie heeft voor een therapeutisch effect in de praktijk. 

Dit dient in de toekomst verder onderzocht te worden in klinische onderzoeken.

Hoofdstuk 4 beschrijft de translationele studies uitgevoerd op ex vivo humane huid 

waarin de klinisch relevante gebruiks- en veiligheidsaspecten van naaldvrije jet injec-

toren voor de klinische praktijk zijn geëvalueerd. In hoofdstuk 4.1 is bevestigd dat de 

afmeting van de huid papel en het residuele vloeistofvolume op het huidoppervlak 

verband houden met de intradermale vloeistof verspreiding na EPI, en voor een veer-

gedreven jet injector (SLI). Dit zijn nuttige klinische eindpunten voor in de kliniek, 

omdat de instellingen van de jet injector zodanig aangepast kunnen worden totdat 

het beoogde klinische eindpunt zichtbaar is en succesvolle geneesmiddeltoediening 

is bereikt. In hoofdstuk 4.2 is geconcludeerd dat injecties met EPI en SLI grote hoe-

veelheden kleine-druppel-aërosolen van bleomycine genereren. Om de veiligheid van 

zorgverleners en patiënten te waarborgen is naast normale kamer ventilatie ook een 

krachtige puntafzuiging nodig om inhalatie van potentieel schadelijke deeltjes in de 

lucht tijdens intralesionale chemotherapie te voorkomen.

Hoofdstuk 5 beschrijft een retrospectief onderzoek waarin de ‘real-world’ EPI be-

handeling in de dagelijkse praktijk is geëvalueerd. In hoofdstuk 5.1 is geconcludeerd 

dat drie sessies met intralesionaal het corticosteroïd triamcinolon acetonide (TCA; 

de huidige eerstelijns behandeling) toegediend met EPI resulteert in een significante 

klinische verbetering van de door de patiënt en arts beoordeelde litteken ernst schaal 
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en de schaal voor globale esthetische verbetering. De behandeling werd goed verdra-

gen zonder plaatselijke verdoving en de patiënten melden significant lagere injectie-

gerelateerde pijn scores voor EPI in vergelijking conventionele naald injecties (tijdens 

een proefbehandeling). Tenslotte bleek uit een patiënten enquête dat 90% van de 

patiënten EPI behandeling met TCA aan andere patiënten zou aanbevelen en dat zij 

EPI als toedieningssysteem prefereren boven naald injecties.

Hoofdstuk 6 beschrijft de belangrijkste bevindingen van dit proefschrift. Aanvullend 

worden er in dit hoofdstuk perspectieven geschetst voor toekomstige onderzoeken 

naar naaldvrije toediening van medicijnen/geneesmiddelen in de huid met EPI voor de 

behandeling van keloïden en andere mogelijke toepassingen.
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ABBREVIATIONS

NFI needle-free jet injector

EPI electronically-controlled pneumatic jet injector

SLI spring-loaded jet injector

NI needle injection

BLM bleomycin

SAL saline

H2O distilled water

TCA triamcinolone acetonide

IQR interquartile range

SD standard deviation

RCT randomized controlled trial

CCT clinical controlled trial

EVCM ex vivo confocal microscopy

LC-MS liquid chromatography-mass spectrometry

MALDI-MSI matrix-assisted laser desorption ionization-mass spectrometry imaging

POSAS patient and observer scar assessment scale

GAIS global aesthetic improvement scale

NRS numerical rating scale
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