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Background and Objectives: The effectiveness of
needle-free injection devices in neocollagenesis for treating
extended skin planes is an area of active research. It is
anticipated that needle-free injection systems will not only
be used to inject vaccines or insulin, but will also greatly aid
skin rejuvenation when used to inject aesthetic materials
such as hyaluronic acid, botulinum toxin, and placental
extracts. There has not been any specific research to date
examining how materials penetrate the skin when a needle-
free injection device is used. In this study, we investigated
how material infiltrates the skin when it is injected into a
cadaver using a needle-free device.

Study Design/Materials and Methods: Using a needle-
free injector (INNOJECTOR™; Amore Pacific, Seoul,
Korea), 0.2ml of 5% methylene blue (MB) or latex was
injected into cheeks of human cadavers. The device has a
nozzle diameter of 100 pm and produces a jet with velocity
of 180m/s. This jet penetrates the skin and delivers
medicine intradermally via liquid propelled by compressed
gasses. Materials were injected at pressures of 6 or 8.5
bars, and the injection areas were excised after the
procedure. The excised areas were observed visually and
with a phototrichogram to investigate the size, infiltration
depth, and shape of the hole created on the skin. A small
part of the area that was excised was magnified and
stained with H&E (x40) for histological examination.
Results: We characterized the shape, size, and depth of
skin infiltration following injection of 5% MB or latex into
cadaver cheeks using a needle-free injection device at
various pressure settings. Under visual inspection, the
injection at 6 bars created semi-circle-shaped hole that
penetrated half the depth of the excised tissue, while
injection at 8.5 bars created a cylinder-shaped hole that
spanned the entire depth of the excised tissue. More
specific measurements were collected using phototricho-
gram imaging. The shape of the injection entry point was
consistently spherical regardless of the amount of pressure
used. When injecting 5% MB at 6 bars, the depth of
infiltration reached 2.323mm, while that at 8.5 bars
reached 8.906 mm. The area of the hole created by the 5%
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MB injection was 0.797 mm? at 6 bars and 0.242 mm? at 8.5
bars. Latex injections reached a depth of 3.480 mm at
6 bars and 7.558 mm at 8.5 bars, and the areas were
measured at 1.043 mm? (6 bars) and 0.355mm? (8.5 bars).
Histological examination showed that the injection pene-
trated as deep as the superficial musculoaponeurotic
system at 6 bars and the masseter muscle at 8.5 bars.
Conclusion: When injecting material into the skin using a
pneumatic needle-free injector, higher-pressure injections
result in a hole with smaller area than lower-pressure
injections. The depth and shape of skin penetration vary
according to the amount of pressure applied. For materials
of low density and viscosity, there is a greater difference in
penetration depth according to the degree of pressure.
Lasers Surg. Med. 9999:1-5, 2016.

© 2016 Wiley Periodicals, Inc.

Key words: cadaver; depth; needle-free injector; needle-
less microjet device; penetration; pressure; shape

INTRODUCTION

Needle-free injection devices have previously been used to
inject macromolecules such as insulin and vaccines into the
skin. Recent studies on these devices have shown their effect
on scar remodeling through stimulation of fibroblasts by
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micro-trauma and activation of neocollagenesis, as well as
their capacity to treat extended skin planes [1,2]. Needle-
free injection device treatment is also effective for wrinkle
reduction without any side effects [2]. Furthermore, these
devices can be used to treat depressed scars due to herpes
zoster, acne, and tissue necrosis following filler injec-
tion [3-5]. On a hypertrophic scar of the forehead, treatment
using a needle-free injector device caused a protruding scar
to become flat [6]. Needle-free injection systems will likely
be used to inject various aesthetic materials such as
hyaluronic acid (HA), botolinum toxin, and placental
extracts into the skin to aid skin rejuvenation [7]. Needle-
free injection devices also reduce the amount of pain
experienced by patients, result in only minimal skin
response, and prevent certain hazards caused by more
conventional treatment methods such as skin puncture and
destruction [8]. However, there has not been any specific
research into how materials penetrate the skin when using
aneedle-free injection device. In this study, we investigated
how materials infiltrate tissue when injected into a cadaver
using a needle-free injection device.

MATERIALS AND METHODS

Injections were performed using six human cadavers
prior to being embalmed. Either 0.2 ml of 5% MB (density:
1.01g/ml, DA-645, KEM, Tokyo, Japan) (viscosity: 13.1
centipoise, 13.1g/m-s, LVDV-II + Pro, Brookfield Engi-
neering Laboratories, Inc., MA) or cadaver injection latex
(EG-LT-1010, E.G.O Lab, Seoul, Korea) (density: 1.10 g/ml,
viscosity: 557.1 centipoise, 557.1g/m-s, LVDV-II+ Pro,
Brookfield Engineering Laboratories, Inc., MA) was in-
jected into the cheek areas of cadavers using a needle-free
injector INNOJECTOR™; Amore Pacific, Seoul, Korea)
(Fig. 1). This device has a nozzle diameter of 100 um that
generates a high-velocity jet (180 m/s) to permeate the skin
and transfer medicine intradermally via liquid propelled by
compressed gas.

Injections were performed at pressures of 6 and 8.5 bars
(Fig. 2a). Tissue was excised after injection (Fig. 2b), and
the size, depth of infiltration, and shape of the hole caused
by injection were investigated through visual inspection. A
phototrichogram (x15) (Folliscope 4.0, Lead M, Seoul,
Korea) and H&E (x40) staining were also performed to
allow for more precise measurements of the area.

All statistical analyses were performed using SPSS for
Windows (v19; IBM SPSS, Armonk, NY). The x2 test and
independent ¢-test were used to compare continuous
variables. Data with P < 0.05 were considered statistically

Fig. 1. The mechanism of the needle-free injection device.

significant. We interpreted P-values less than 0.001 as
highly significant.

RESULTS

We characterized the shape, size, and depth of skin
infiltration following injection of 5% MB or latex into
cadaver cheeks using a needle-free injection device at
various pressure settings. Latex, a material with a higher
viscosity than aesthetic medicines such as hyaluronic
acid (HA) and placental extract, was injected to assess
the degree to which aesthetic medicines would infiltrate
skin. Under visual inspection, the depth of infiltration
following injection of either 5% MB or latex differed
according to the injection pressure (Fig. 3). At 8.5 bars,
the materials penetrated the full thickness of the excised
tissue in a cylindrical shape, while at 6 bars, the
materials penetrated half of the thickness of the excised
tissue in the shape of a semi-circle (Fig. 3). These results
were confirmed with a phototrichogram, which addition-
ally demonstrated that the hole generated by injection
was spherical regardless of the degree of pressure or
material used (Fig. 4). At 8.5 bars, penetration reached
the bottom of the excision area in a cylinder shape, as
with the previous MB injection (Fig. 4a). The penetration
reached as far as the middle point of the excision area, in
the shape of a horizontally spread upper hemisphere
(Fig. 4b).

Fig. 2. (a) 5% MB injection with a%? needle-free injector. (b) Excision of cadaveric skin to
investigate the penetration depth and shape resulting from injection.
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b 8.5 bar

Fig. 3. Gross morphologic forms after excision. (a) 5% MB
injection at pressure levels of 6 and 8.5 bars. (b) Latex injection
at pressure levels of 6 and 8.5 bars. (¢) Latex injection at pressure
levels of 6 bars.

The area of the hole created following needle-free
injection of 5% MB was significantly greater at 6 bars
(0.797 mm?, Standard deviation, Std: 0.366) than at 8.5
bars (0.242 mm?, Std: 0.418) (P < 0.001). A similar result
was found following latex injection, where the area of the
hole generated at 6 bars was 1.043 mm? (Std: 0.468), while
that at 8.5 bars was 0.355mm? (Std: 0.119) (P=0.010)
(Fig. 5). On the other hand, there was no significant
difference in hole size created by 5% MB and latex at either
6 bars (P=0.305) or 8.5 bars (P =0.412).
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Fig. 5. Total area of the hole caused in the skin due to pressure
after skin injection (mm?). When injecting 5% MB, the area of the
hole created at the injection was 3.186mm? at 6 bars and
0.967 mm? at 8.5 bars. When latex was injected, the area of the
hole generated 4.172mm? at 6 bars and 0.355mm? at 8.5 bars.
(*P <0.05, ***P < 0.001).

When injecting 5% MB, the depth of penetration was
2.330 mm (Std: 0.273) at 6 bars and 8.906 mm (Std: 0.289)
at 8.5 bars (P < 0.001). When latex was injected, the depth
of penetration reached 3.480 mm (Std: 0.482) at 6 bars and
7.558 mm (Std: 0.263) at 8.5 bar (P < 0.001). Of note, there
was also a significant difference in depth of penetration
when injecting 5% MB or latex at both pressure settings
(P<0.001) (Fig. 6).

Histological observation showed that, at 6 bars, pene-
tration reached beyond the subcutaneous tissue and into
the superficial musculoaponeurotic system (SMAS)
(Fig. 7a). At 8.5 bar, penetration passed beyond the
SMAS into the masseter muscle (Fig. 7b).

DISCUSSION

Shergold et al. reported that liquid jets of high velocity
penetrate human skin by forming and opening cracks [9].
In our study, we demonstrate that higher injection
pressures result in smaller total area of tissue penetration.
Our study also confirmed that the depth and shape of skin

Fig. 4. Phototrichogram photographs magnified 15 times. (a) 6 bars with 5% MB (left panel) and
latex (right panel). (b) 8.5 bars with 5% MB (left panel) and latex (right panel).
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Fig. 6. Depth of penetration materials in cadaveric skin injected
from a needle-free injector (mm). When injecting 5% MB, the depth
of penetration was 2.330 mm at 6 bars and 8.906 mm at 8.5 bars.
When latex was injected, the depth of penetration reached
3.480mm at 6 bars and 7.558 mm at 8.5 bars. (*P<0.05,
**P<0.001).

penetration differed according to the amount of pressure.
At the same pressure, there was no significant difference in
the areas of holes created by different density and viscosity
materials. However, there was a trend that higher density
and viscosity material produced larger area holes than did
lower density/viscosity materials. On the other hand, there
was a significant difference in penetration depth of
materials with different viscosity and density when
injected at the same pressure.

The current understanding is that, when jet dispersion
occurs on skin, it occurs in a fan-like pattern resembling an
expandingjet [10]. When dispersion occurs, the flow begins
to spread from a single point, creating a circular pattern.
The point of dispersion reaches a greater depth as the jet
velocity and nozzle diameter increase, acting as a marker
of penetration depth and shape [11]. Schramm-Baxter
et al. showed that, at 160 m/s with a nozzle diameter of
31 pm, the depth of penetration reached the epidermis and
superficial dermis. In addition, the depth of penetration
went beyond the dermis floor when the nozzle diameter
was 229 um. This study also found that the shape of
dispersion varied according to nozzle size, with resulting
semi-circular holes at 76 pm, an ellipsoid at 152 pm, and

a 6 bar

semi-circular holes at 229 um [12]. When velocity was
reduced to 110m/s with a nozzle diameter of 152 pm,
dispersion occurred in the form of a semi-circle. When
velocity was increased to 190 m/s, a semi-circular-shaped
dispersion occurred with maximal spread near the
bottom [12]. In addition to nozzle diameter and velocity,
the amount of pressure applied has a significant effect
on the depth and shape of penetration. Our results show
that the dispersion formed the shape of a semi-circle at a
pressure of 6 bars and the form of a cylinder at a pressure of
8.5 bars.

Previous research suggests that, after injection, the
injected material spreads from a single point on the skin to
form a spherical shape. If the provided propulsion is not
sufficient to infiltrate the layer below, stagnation pressure
pushes the material into a wide spherical pattern. If
penetration occurs through all layers of the skin due to
great force, then the injection is expected to form a
cylinder-shaped pattern as no stagnation occurs. Velocity
also plays a very important role in the completeness of jet
penetration. At 60—80 m/s, material cannot infiltrate the
skin. Above this threshold, the degree to which penetration
occurs monotonically increases at a velocity of approxi-
mately 150 m/s, and near 100% delivery is achieved [13]. A
velocity of 180 m/s was used in this study, ensuring that all
material was delivered into the skin.

When using a needle-free jet injector, a large particle
size resulted in less dispersion and penetration below the
dermis. This is due to jet energy dissolving through friction
with the skin [14]. With large particles, accumulation in
the skin continues with lower release rates [14]. Depend-
ing on the particle size of the substance being injected,
depth of penetration into the skin and duration of
treatment effect will differ.

Skin parameters such as Young’s modulus, a measure
of cutaneous rigidity, affect the skin penetration
depth [13,15]. At constant jet velocity and nozzle diameter,
the depth of penetration decreases with increasing Young’s
modulus [13]. Escoffier et al. reported that skin extensibil-
ity remains constant until approximately 70 years of age,
at which time it begins to decline [16]. They also
demonstrated a 20% increase in Young’s modulus after
reaching 70 years of age [16]. With this in mind, higher

Fig. 7. Histological analysis (H&E, x40). (a) Upper hemisphere shape penetration to SMAS at
pressure level of 6 bars. (b) Cylindrical shape penetration to masseter muscle at pressure level of 8.5

bars.
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pressures should be applied for jet injections in patients
70 years of age or older compared with a younger patient in
order to reach the same level of penetration. Conversely,
aging results in reduced skin thickness, decreased collagen
and elastin, and impaired skin cell organization, leading to
possible damage to the skin barrier with high-pressure
injection [16-19].

Fresh human cadavers are the most viable alternative
option to live human experiments. Cadavers are commonly
utilized during surgical education [20]. Depending on the
duration of time after death, cadaveric tissue begins to lose
some characteristics of live tissue such as elasticity and
consistency [21]. As such, our study does have some
limitations. Although fresh cadavers were used, injections
were not made into living skin. For this reason, Young’s
modulus is different from that of living human skin,
though the exact difference could not be measured. Joy
et al. demonstrated a 15.0kPa Young’s modulus of
masseter muscle in cadavers, which is lower than reported
measurements in live human tissue (31.0 kPa) [22,23]. We
expect that the higher Young’s modulus in live tissue
would result in weaker penetration of injected materials. It
is also likely that it would be necessary to apply slightly
higher pressures than those used in this study to reach the
same depth of penetration in living skin.

In the future, additional studies must be performed to
determine whether macromolecule materials that are used
as injection materials, such as hyaluronic acid filler, botox,
and placenta extract, maintain their characteristics and
stability when they are injected with high pressure and
velocity.

CONCLUSIONS

This study showed that during injection of material into
skin with a pneumatic needle-free injector, the amount of
pressure applied changes the size of the hole created by the
injection, skin penetration depth, and shape. Using these
findings, we can selectively choose injection materials to
achieve the appropriate depth and scope.
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