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Background and Objectives: Many cutaneous drug‐
delivery techniques rely on passive diffusion to deliver
topical compounds to the skin. When attempting
to deliver drugs to thicker lesions, such as skin tumors,
modalities that do not rely on diffusion may serve
as a better drug‐delivery method. In this histological
study, we aim to investigate the cutaneous delivery
patterns of an electronic pneumatic needle‐free in-
jection device.
Study Design/Materials and Methods: Needle‐free‐
injection was investigated in 24 ex vivo porcine skin
samples and one basal cell carcinoma (BCC) tissue
sample. A needle‐free injection device with a nozzle size of
200 μm delivered 80 μl compound ink (0.1 cc black ink:
5.0 cc saline) at low (30%/3.1 bar; n= 6 porcine skin; n= 1
BCC tissue), medium (50%/3.9 bar; n= 6 porcine skin),
high (65%/4.6 bar; n= 6 porcine skin), and stacked
(30+ 50%/3.1+ 3.9 bar; n= 6 porcine skin) pressures.
Depth, width, and depth of maximum width of ink depo-
sition were evaluated on histological slides.
Results: Depositions with small ink‐lined vacuoles were
seen intra‐dermally in all samples, including the BCC
tissue. Deposition depth was similar at low and medium
pressures (924 vs. 994 μm; P= 0.873) but increased
significantly with high pressure (1,564 μm; P= 0.010).
When injections were stacked (3.1+ 3.9 bar), the depth
remained similar to that of a single injection (931 μm;
P= 1.000). The width of the deposition stayed comparable
for low, medium, and high pressures when a single needle‐
free injection was performed (30%= 2,394 μm; 50%=
2,226 μm; and 65%= 2,757 μm; P= 0.09), but increased
significantly with stacking (2,979 μm; P= 0.037). The
depth of maximal width was superficially located in the
papillary dermis at low and medium pressures (321 and
305 μm; P= 0.748) but shifted to the deeper reticular
dermis with high pressure (950 μm; P= 0.004) and with
stacking (734 μm; P= 0.004).
Conclusions: In conclusion, with an electronically con-
trolled, pneumatic needle‐free injector, depth and width of a
cutaneous deposition can be influenced by pressure and
stacking, respectively. The pneumatic needle‐free injection
can potentially serve as a viable drug‐delivery technique for
cutaneous pathologies where dermal deposition is essential.
Lasers Surg. Med. © 2019 Wiley Periodicals, Inc.

Key words: jet‐injection; needle‐free injection; drug de-
livery; topical delivery; biodistribution; pneumatic device;
device

INTRODUCTION

To improve the uptake and efficacy of topical therapeutics,
several drug‐delivery techniques have been utilized within
dermatology. Such techniques include ablative fractional
lasers (AFL), microneedles, electroporation, iontophoresis,
microdermabrasion, radiofrequency, and sonophoresis [1].
These treatments are referred to as physically disruptive
techniques and interrupt the stratum corneum allowing for
topical drugs to passively diffuse into the epidermis and
dermis. While these techniques, especially AFL, have been
successful at improving clearance rates for superficial
pathologies like actinic keratosis (AK), they struggle to
improve the efficacy of profound pathologies such as Kera-
tinocyte Carcinomas (KC), potentially due to insufficient
delivery to deeper skin layers [2–6].

The jet‐injector was first invented in France in 1860
and works by forcing a stream of liquid through a pre-
cision nozzle which creates a liquid jet that can penetrate
the skin and the subcutaneous tissue [7]. Through the mid
20th century, these needle‐free‐injections were ex-
tensively used, worldwide, as insulin self‐injectors as well
as for mass‐vaccination programs [7,8]. The injections
were often spring‐controlled and intended for subcuta-
neous or intramuscular delivery. Treatments were there-
fore often painful, and associated bruising, infections, and
neuropathy [8]. Due to retrograde flow and splash‐back,
the risk of contamination was high, and in 1997, the U.S.
Department of Defense, which was the biggest utilizer of
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the technique, discontinued jet‐injection vaccinations due
to the reports of cross‐contamination [9,10]. Despite the
discontinuation of many of the old jet‐injectors, new jet‐
injectors, now referred to as “needle‐free injectors” have
recently been introduced. The new devices have overcome
many of the issues exhibited by the old ones; injectors now
have disposable nozzles and syringes that prevent cross‐
contamination, the devices are also pneumatically con-
trolled allowing for greater adjustability and the option of
targeting different cutaneous compartments which also
helps in managing the risk of pain and bruising [8].
The potential clinical dermatological applications of the

new needle‐free injectors are several and so far the tech-
nique has primarily been used for the treatment of
skin aging and palmoplantar hyperhidrosis [8,11–14].
Although still anecdotal, results from smaller clinical
trials investigating the technique for the treatment of
condyloma acuminata [15], keloids [16,17], atrophic scars
[18], and acne scarring [19,20] have shown initial prom-
ising results. For AK and KC, needle‐free injectors may
serve as a superior drug delivery method, especially for
deeper tumors where the physically disruptive techniques
that rely on passive diffusion are insufficient.
To explore the utility of the next generation needle‐free

injectors as a drug delivery method for cutaneous path-
ologies, we aimed to investigate the delivery patterns of
an electronic, pneumatic needle‐free injection device.

METHODS

Study Set‐Up

In ex vivo tissue, the deposition of an aqueous ink
compound was evaluated quantitatively in 24 porcine skin
samples and qualitatively in one BCC tissue sample.

Intervention

Porcine skin was collected from the flank of female York-
shire pigs immediately after euthanasia and stored at −20°C
for a maximum of 12 weeks. Before needle‐free injection, the
skin was thawed for 24hours and excessive hairs were
trimmed off. A BCC tumor debulk was carefully collected
from Mohs micrographic surgery according to IRB protocol
17‐560 and injection was done within 6hours of collection.
The ink solution was prepared mixing 0.1 cc black tattoo ink
(Dynamic Color Co. BLK) and 5.0 cc saline. A needle‐free
injection device (AirGent2.0, PerfAction, Tel Aviv, Israel) was
used for the injections. The device has a fixed nozzle size of
200 μm and can deliver volumes ranging from 50 to 150 μl at
pressures between 0.0 and 6.0 bars that correspond to
0–100% pressure on the device settings. Previous studies
have demonstrated dermal deposition when volumes of 80 μl
are delivered with pressures ranging from 3.5 to 3.9 bars
(40–50%) [12,21]. To cover this range, three pressure settings
were selected to deliver 80 μl compound, including 30% (low;
3.1 bar; n= 6 porcine skin; n= 1 BCC), 50% (medium; 3.9 bar;
n= 6 porcine skin), 65% (high; 4.6 bar; n=6 porcine skin),
and stacked 30+ 50% (stacked; 3.1+ 3.9 bar; n= 6 porcine
skin). Stacked injections consist of two consecutive injections
conducted in the same spot.

Histological Processing and Evaluation of Biopsies

Immediately after needle‐free injection, the tissue
samples were fixed in 10% formalin. The tissue was split
in half at the needle‐free injection site and paraffin‐
embedded with the vertical cut surface facing down. The
first intact 5 µm cut for each sample was harvested and
stained with hematoxylin and eosin (H&E). Ink deposi-
tion in the porcine skin samples was evaluated by a non‐
blinded evaluator (AME) in a light microscope where
depth, width, and depth of maximal width were measured
for each sample. Depth was defined as the vertical dis-
tance from stratum corneum (SC) to the deepest deposi-
tion of ink. The width was defined as the maximal hori-
zontal distance between the ink deposition. The depth of
maximal width was defined as the vertical distance from
SC to the depth of the maximal width of ink deposition.
No quantitative analysis was conducted in the BCC
sample.

Statistics

Nonparametric statistics compared deposition depth,
width, and depth of maximal width using Kruskal–Wallis
test multiple comparison and Mann–Whitney U tests for
two‐group comparisons. Data were presented as medians
with interquartile ranges. P values were two‐sided and
considered statistically significant when >0.05. SPSS
version 25 (IBM Corporation, Armonk, NY) performed the
statistical analyses.

RESULTS

Qualitative Description (Porcine Skin and BCC)

The normal skin architecture was disrupted by the
needle‐free injection with small ink‐lined vacuoles occu-
pying the injection site (Fig. 1). The intradermal deposi-
tion of the compound had the shape of an upside‐down
dome at low (30%) and medium (50%) pressures but
became squarer at high pressure (65%) and with stacking
(30+ 50% bar; Fig. 1). Even though low and medium
pressures reached similar depths, more ink appeared to
accumulate in the reticular dermis and at the subcuta-
neous border with medium pressure (50%) compared with
low pressure (30%; Fig. 1). Needle‐free injections into the
BCC tissue was possible with 30%, and the deposition
reached a depth similar to that observed in porcine skin
experiment using the same settings (Fig. 2).

Depth (Porcine Skin)

Needle‐free injections with both low (30%) and medium
(50%) pressures generated intradermal depositions reaching
the subcutaneous border at depths of 924 μm (30%) and
994 μm (50%; P= 0.873; Fig 1A and B, Table 1). With higher
pressure (65%), a deeper deposition was achieved, reaching
the subcutaneous compartment at 1,564 μm (P= 0.010).
With stacking (30+ 50%), the depth was similar to that of a
single injection of either 30% or 50% at a depth of 931 μm
(P= 1.000; Table 1).
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Width (Porcine Skin)

The width was similar for low (30%), medium (50%),
and high (65%) pressure resulting in a lateral deposition
of 2,394, 2,226, and 2,757 μm, respectively (P= 0.09; Fig

1A–C, Table 1). When needle‐free injections were stacked
(30+ 50%), the width increased significantly compared
with single injections to 2,979 μm (P= 0.037).

Depth of Maximal Width (Porcine Skin)

For low (30%) and medium (50%) pressures, the depth
of widest deposition was superficially located in the pap-
illary dermis at 321 and 305 μm, respectively, (P= 0.748;
Fig. 1A and B, Table 1). The depth of maximal width in-
creased significantly at high pressure (65%) 950 μm
(P= 0.004) and with stacking, 734 μm (P= 0.004).

DISCUSSION

From this in vitro experiment, conducted in healthy
porcine skin, we understand that penetration depth can
increase with increasing pressure; meanwhile, pressure
has a limited effect on width. By stacking injections,
width increases, although depth does not exceed the depth
of a single injection generated with the same pressure.
Depositions covering the papillary and reticular dermis
can be achieved with both low (30%) and medium pres-
sures (50%), while subcutaneous depositions are observed
with both high pressures (65%) and with stacking
(30+ 50%). The widest point of the deposition is located
within the superficial papillary dermis (305–321 μm)
when low and medium settings are used but shift to the
deep reticular dermis at the subcutaneous border with
high pressure (950 μm) and stacking (734 μm).

Similar penetration depths were measured for needle‐free
injections conducted with both low (30%) and medium (50%)
pressure. Still, with low pressure, only the tip of the
dome‐shaped deposition reached the subcutaneous border at
around 924 μm, while with medium pressure (50%) the ink
appeared to accumulate at the subcutaneous border,
obstructed from penetrating into the subcutaneous layer. The

Fig. 1. Needle‐free injection in porcine skin. Deposition of tattoo
ink in porcine skin depicted after needle‐free injections using low
pressure (30%; 3.1 bar; A), medium pressure (50%; 3.9; B), high
pressure (65%; 4.6 bar; C), and stacking (30 + 50%; 3.1+ 3.9 bar;
D). The presented measurements in the figures correspond to the
measurement for the specific slide, while the numbers presented
in the text below are median values for the intervention group as
a whole. Deposition depth was similar at low and medium
pressures (924 vs. 994 μm; P= 0.873) but increased significantly
with high pressure (1,564 μm; P= 0.010). The width of the
deposition stayed similar at low, medium, and high pressures
(30%= 2,394 μm; 50%= 2,226 μm; and 65%= 2,757 μm; P= 0.09)
but increased with stacking to 2,979 μm (P= 0.037). The depth of
maximal width was superficially located in the papillary dermis
at low and medium pressures (321 μm and 305 μm; P= 0.748) but
shifted to the deeper reticular dermis with high pressure
(950 μm; P= 0.004) and stacking (734 μm; P= 0.004). Slides are
×2 powered and hematoxylin and eosin‐stained. D, depth; DMW,
depth of maximal width; W, width.

Fig. 2. Needle‐free injection in ex vivo nodular basal cell
carcinoma. (A) Deposition of tattoo ink in an excised nodular
basal cell after injection with 80 μl at low pressure (30%). Nests
of basal cell carcinoma are present (red arrows) and ink‐filled
vacuoles from the needle‐free injection are scattered throughout
the low‐power field. The ink reached a depth similar to that
observed in porcine skin. The slide is magnified at ×4 power and
stained with hematoxylin and eosin.
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ability to perforate into the subcutaneous compartment may
require a threshold pressure higher than 50%, potentially
explaining why the deposition depth did not increase sig-
nificantly with medium pressure (50%) compared with low
(30%; 924 vs. 994 μm; P= 0.873). The upside‐down dome‐
shaped deposition observed at low and medium settings also
translated to the maximal width being located in the super-
ficial papillary dermis. At higher pressure (65%) and with
stacking, the subcutaneous tissue was perforated, and the
deposition became more square‐shaped with the maximal
width located at the border of the dermal and subcutaneous
tissue. The lateral dissipation of the ink compound may be
facilitated in the subcutaneous tissue by a lower resistance
and the fibrous sheets, which may explain why the shape of
the deposition and depth of maximal width changed when
subcutaneous tissue was reached (65%; stacked 3.1+ 3.9).
Although overall trends regarding the relationship

between settings and depositions can be drawn from this
ex vivo porcine skin study, to what degree these findings
can be extrapolated to diseased human skin is unknown.
The ink deposition in the sole ex vivo BCC tissue was
similar to that seen in ex vivo porcine skin, which
supports the notion that deposition depths are com-
parable for ex vivo porcine skin and ex vivo human tumor
tissue. No study has examined the correlation between in
vitro and in vivo patterns achieved with pneumatic
needle‐free injectors, but as for other drug delivery
methods, factors such as lack of representative interstitial
fluid pressure, lack of a functional vascular and lymphatic
system, and the absence physiological responses to injury,
like oozing or bleeding, can cause in vivo depositions to
differ somewhat from those observed ex vivo [22].
Tissue composition, or tissue resistance, is another feature

that appears to influence the cutaneous deposition patterns,
which is supported by the findings in this study. Resistance
varies within layers of the skin but can also vary considerably
within a lesion and between pathologies. The homogenous
deposition observed in healthy ex vivo skin may not be ach-
ieved inside cutaneous pathologies that may host conglom-
erates of different tissue types. The perfect, dome‐shaped
deposition may thus assume a more dispersed pattern when
injected into a heterogeneous tissue. Additionally, the inter‐
pathological differences in tissue configuration are likely to
play a significant role for the deposition; whether a lesion is a
porous tumor, or a dense hypertrophic scar is expected to
result in two distinct depositions even when the same set-
tings are being used. The opportunity to adjust both delivered

volume and pressure is valuable as optimal settings will vary
significantly based on the pathology’s porosity, homogeneity,
thickness, and location. The relation between device settings,
pathologies, and depositions and how they differ in in vivo
and ex vivo tissue is not answered in this experiment and will
have to be addressed in future studies.

Prospective medical applications of the needle‐free in-
jector are several and optimizing local treatments for BCC
is an area in need of imminent advancement where the
needle‐free injection technique could prove particularly
advantageous. Topical therapies for BCC are associated
with high recurrence rates that range from 14.1–18.8%,
and even with AFL‐assisted treatments, outcomes do not
always improve [5,23]. Cutaneous tumors, such as BCC
can extend to, and beyond, the subcutaneous border, and
securing therapeutic concentrations around the entire
growth is essential for attaining high clearance rates
[5,24]. With a needle‐free injection, the drug can be de-
livered in a controlled and standardized way that secures
an instant and a far‐reaching allocation. In accordance, a
recent case report described a patient with a high‐risk
nodular BCC on the nose that was treated with needle‐free
injection assisted PDT after two failed excisional surgeries
[25]. The nodular BCC was successfully treated, and no
recurrence was seen at 2 years follow up.

In conclusion, with an electronically controlled, pneumatic
needle‐free injector, depth and width of a cutaneous deposi-
tion can be influenced by pressure and stacking, respectively.
The pneumatic needle‐free injection can potentially serve as a
viable drug‐delivery technique for cutaneous pathologies
where dermal deposition is essential.
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