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Abstract

Needle-free injectors can be used to achieve non-invasive drug delivery by impregnating biological barriers. They are considered as
the future of drug delivery and therapeutic applications. The history of needle-free injectors dates back to the 1940s and these devices
have been constantly evolving since then. Their operating principles and applications have been improved over the years. Herein, we
review the current engineering mechanisms and clinical aspects of needle-free microjet injectors. The present study focuses on using
engineering approaches to deal with various factors that affect the penetration and dispersion characteristics of the microjet.
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1. Introduction

Needle-free jet injectors (NFJIs) are devices with non-
invasive drug delivery capabilities, and they are the result of
the quest for pain-free needle-free drug administration. These
devices use a high-velocity jet to puncture the skin surface and
deliver drugs to the required depth without using a needle.
Conventionally, NFJIs have been most commonly used for
vaccinations and insulin delivery applications [1-4], but recent
advancements in science and technology have widened the
scope of the application of these systems. Herein, we provide
an overview of the historical development and current trends
of needle-free injection technology. The study focuses on the
mechanistic and engineering characteristics of the system.

2. Background and history

Even though the concept of these systems originated in the
1860s when a technique called aquapuncture was reported in
France [1], the modern history started with a patent in 1936
[5], and in the 1940s, hypospray, an insulin self-injection de-
vice, was introduced [1, 4, 6]. NFJIs were being developed for
delivering vaccines and medicines. Earlier forms of injectors
were of multi-use type that could deliver a vaccine through the
same nozzle and fluid stream to multiple patients; these injec-
tors can be referred to as multi-use nozzle jet injectors (MUN-
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JIs) [3, 7]. They were widely used until the 1980s in mass
immunization campaigns worldwide [3, 7, 8]. These devices
could be used to vaccinate up to 1000 patients per hour and
deliver vaccines from multi-dose vials (up to 50 doses per
vial). However, a hepatitis B outbreak in 1985 was linked to
the use of MUNIJIs and presumed to have occurred owing to
the contamination of the injector by body fluids [9]. On fur-
ther investigation, it was found that in a few samples, injectors
were contaminated with small amounts of blood. Because of
this incident, various health authorities, including World
Health Organization (WHO), discontinued the use of MUNIJIs
[7, 8]. The abilities of these high-workload devices in terms of
administering safe mass immunizations were unprecedented,
and further modifications were made to reduce the risk of
blood-borne infections. The addition of a disposable cap is an
example of such modifications. Even though a small risk of
infection transmission exists, it is outweighed by the benefit of
rapid vaccination with limited personnel.

Single-use nozzle devices or disposable cartridge jet injec-
tors (DCJIs) were developed to eliminate the risk factor asso-
ciated with the use of MUNIJIs [3, 8, 10]. In DCIJIs, a dispos-
able cartridge and nozzle are used, which prevent any splash
back of blood onto the NFJI apparatus. Even though these
devices were originally designed for low-workload conditions,
devices that could administer injections at a rate of 600 shots
per hour exist [3, 8]. Recently, a huge shift in technological
advancements has taken place, resulting in growing interest in
administering needle-free injections. Newer designs that could
be applied in multiple fields are being developed. This calls
for the standardization of injectors and the U.S. Food and
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Drug Administration (USFDA) has issued some guidance in
this regard [11, 12].

3. Engineering aspects

The purpose of an NFJI can be explained with the help of
an analogy. It can be considered as a truck delivering a certain
quantity of drug to a specified location inside the tissue layers,
typically in intradermal, subcutaneous or intramuscular layers.
Engineering principles are employed to energize the injecting
fluid so that it can reach the targeted tissue layer and has an
effective drug delivery.

3.1 Design and types

A conventional NFJI comprises a dose chamber with three
major components: (a) An injection chamber having sufficient
mechanical strength to hold the drug to be injected under pres-
sure, (b) a nozzle with an orifice diameter of 50-360 pum
(~150 um) [1, 13, 14], and (c) a pressure source for energizing
the injecting drug to form high-velocity microjets (typical
velocity higher than 100 m/s). The pressure source may use
direct action or the energy stored in a piston to energize the
injecting fluid. A typical commercially available jet injector
may use a piston to generate high-velocity microjets. The
piston velocity is the key parameter that determines the pene-
tration characteristics of the propelled microjet. The motion of
the piston depends on various forces acting on it and can be
expressed numerically as:

mix,=F,)-F.()-A4,p(t). (1)

Here, F(?) is the driving force generated by the energizing
method, Fy(¢) is the frictional forced generated by the O-rings
and other dissipative forces, p(?) is the fluid resistance created
by movement of piston in injection chamber, and m, and 4,
are the piston mass and surface area, respectively. The equa-
tion could be solved with the initial condition, at time ¢ = 0,
the piston displacement x,, = 0 and piston velocity dx,/dt = 0.

The force required for driving the piston could be generated
by an expanding gas (usually CO, or N,) or air [15-18], the
energy from the sudden release of a compressed spring [19-
21], the Lorentz actuators [22-24] or piezoelectric actuators
[25-27]. The Lorentz and piezoelectric actuators could provide
electronic control over the injection speed. Recently, lasers
[28-30] and shockwaves [31, 32] have been used to pressurize
the injected fluid.

3.1.1 Expanding gas/air

Expanding gas or air is commonly used as the operating
force in many commercially available NFJIs [4, 15, 17] possi-
bly because compressed gas can provide a higher energy den-
sity, improved flexibility and could deliver larger volumes of
drugs. In these devices, an expanding gas accelerates the firing
piston or ram, which in turn energizes the fluid to be injected

by creating a high-pressure pulse. This high-pressure pulse
causes a portion (< 10 %) of the drug to be ejected at a high
velocity (usually of the order of 200 m/s) and skin perforation
usually occurs during this phase. Subsequently, the remaining
phase of injection proceeds with a lower driving pressure to
create jets with velocities of 100-150 m/s that are dispersed
through the penetration channel produced by the previous
phase. The penetration depths of these devices could be con-
trolled by varying the supply pressure and expanding volume.
The compressed gas could be supplied by an air compressor or
by gas generation via chemical means. In the latter case, a gas
cartridge is attached to the device. The gas in the cartridge is
released upon mechanical or electrical actuation. However,
beside the compactness factor associated with these gas car-
tridges, they do have several disadvantages of complicated
validation protocols, and foul odor due to the combustion
reactants, which make them less appealing compared to an air-
powered system. Engineering model of the system could be
found in Refs. [15-17].

3.1.2 Spring powered

This is the one of the easiest and simplest methods for pow-
ering an NFJL In this system, the energy stored during the
mechanical compression of a spring is used to accelerate the
driving piston. By adjusting the piston friction and the spring
compression, the velocity range of the propelled microjet can
be controlled (usually in the range 80-200 m/s). The driving
force generated by a spring-powered NFJI is governed by
Hooke’s law. Baker et al. [19] provides a numerical model for
designing a spring actuated NFJI system where Eq. (1) is
modified as:

F. ()

\
,

—A4,p(0) 2

where £ is the spring constant (N/m).

3.1.3 Piezoelectric actuators

Gas-powered and spring-powered NFJIs have a critical
drawback. Once the initial parameters are set, users have little
or no control over the injection parameters. Electrical control
over the piston movement is effective for controlling the pis-
ton stroke and hence the injection parameters. Piezoelectric
actuators are electronic actuators and with aid of mechanical
amplification systems can provide dynamic control. In these
systems, an electrically pulsed piezoelectric actuator is used to
deliver injections. In contrast to other mechanisms, these de-
vices electronically control the multilayer actuator expansion
rate, thereby controlling the jet velocity and penetration char-
acteristics. However, in a typical piezoelectric NFJI the injec-
tion volume may be in the nanoliter range (10 to 15 nL)
whereas most of the conventional NFJIs could inject volumes
of 10 to 500 uL [25-27]. Thus, repetitive or pulsed injections
would be required to inject a large volume of the drug by a
conventional piezoelectric NFJI. Stachowiak et al. [33] devel-
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oped a system where the piezoelectric vibrations could be
mechanically amplified up to 900 um expansion and with
much more control over the piston dynamics, thus controlling
the velocity profile of the propelled microjet. The driving
force obtained by the actuator expansion in Eq. (1) is:

() =GV () ©)

where V(?) is the applied voltage and C, is the coefficient of
proportionality given as Cy = ko Xipad Vinars Where kg, is the
actuator stiffness and X, is the maximum expansion
achieved by a voltage of V. .

3.1.4 Lorentz force actuators

Lorentz force actuators are electronic actuators as well, and
they are more suitable for active control. A high-stroke linear
Lorentz-force motor with feedback control can allow for real-
time control of injection. The piston is connected to a Lorentz-
force motor, which comprises a tightly wound copper coil and
a magnetic circuit to produce the actuation force. The net driv-
ing force in Eq. (1) can be given as:

F, (1) = 1] dix B “4)

where [ is the current flow, B is the magnetic field and / is a
vector whose magnitude is equal to the length of the wire and
direction is along the direction of /. By regulating the current

flow, one can control the force and thus the piston acceleration.

The MIT Biolnstrumentation Laboratory [23] modified a
spring-based NFJI into a Lorentz-force actuator that could
generate an axial force of up to +200 N during the high-
pressure phase and demonstrated its repeatability in terms of
independent control of injection depth and other parameters
by controlling the high- and low-pressure phases. Refs. [22,
34-36] could give insight to the design of the electrical com-
ponents and piston dynamics of the system.

3.1.5 Direct actuated mechanisms

One of the main factors limiting the applicability of current
systems is jet diffusivity, which leads to the formation of a
large dispersion pattern and unreliable penetration [29]. The
diffusive jets may have increase in their jet diameter with the
increase in stand-off distance and may affect the stagnation
pressure on the skin surface [17, 24, 37]. The diffusive nature
of the jets may be a reason to the pain and bruising associated
with the current systems [26, 29]. Energizing the injected fluid
using a piston and driving it through a micro-nozzle produces
only diffusive jets. An alternative method to produce focused
high-velocity microjets is using direct excitation with a laser
or shockwaves in a capillary channel.

In a laser-induced microjet NFJI, a laser pulse is focused in-
side a capillary tube that is partially filled with the liquid to be
injected. A vapor bubble is created and it emits a pressure
wave through the fluid. The waves propagate toward the lig-
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uid interface and lead to the formation of a highly focused
high-velocity microjet at the meniscus. Kinematic focusing
owing to the curved interface of the meniscus aids in reducing
jet dispersion. Highly focused microjets (diameter of ap-
proximately 30 um) with velocities up to 850 m/s could be
achieved using a laser-activated system [27]. The pressure
waves could be produced using alternate methods as well.
There are reports on the use of diaphragms [29] and controlled
explosions [30] to produce shockwaves for energizing the
injected fluid directly [38].

Apart from the classification based on energy storage and
source, NFJIs can be classified in many ways on the basis of
the injected drug (liquid, powder, or projectile), delivery site
(intradermal injectors, subcutaneous injectors and intramuscu-
lar injectors), reusability (MUNIJIs and DCJIs), intended usage
(e.g., self-administration or injection by a vaccinator), in-
tended market (humans or veterinary), and way in which the
injection chamber is filled (vial attached “on-tool” or filled
“off-tool”).

3.2 Mechanism and factors

Various in-vivo and in-vitro studies have been conducted to
understand the mechanisms underlying an NFJI system [13,
39-41]. Based on the results of various studies, it is evident
that the impinging high-velocity jet punctures the skin through
erosion. The subsequent fracture mechanisms lead to the for-
mation of a distinct hole [42]. Real-time or direct visualization
of the propagation of microjets in skin layers is difficult owing
to the non-homogeneous characteristics of the skin layers.
Moreover, the elastic nature of the tissues tends to close the
hole as soon as the injection is ceased. However, recent stud-
ies have made significant progress in identifying the penetra-
tion characteristics. Furthermore, drug delivery using an NFJI
system can be considered as the effect of two events: Skin
failure and convective flow though skin layers (viscoelastic
porous media) [13]. The impinging high-velocity jet punctures
the skin and penetrates until a critical depth, after which it
disperses in a near-spherical pattern as depicted in Fig. 1. It
has been reported that a stagnation pressure of 15 MPa is ade-
quate for the perforation of the human skin by a microjet with
a diameter of 100-500 pm [43]. Although the operating prin-
ciples of the devices vary, the peak pressure formed is usually
in the range 14-35 MPa; it is formed during the initial phase of
injection. Skin rupture and penetration may occur during this
phase. Thereafter, the pressure drops to about one-third or
two-third of the peak value and remains almost constant until
a rapid tail-off at the end of the piston stroke. The drug is
driven at a lower stream velocity during this phase so that the
dispersion and absorption of the drug occurs in the surround-
ing tissues. The stagnation pressure acting on the skin surface
due to an air-powered NFJI is shown in Fig. 2(a).

Visualization studies conducted using polyacrylamide (Fig.
2(b)) or gelatin mediums, materials that could mimic the
Young’s modulus of skin tissues, have confirmed these pro-
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Fig. 1. Overall description of needle-free injection process: (a) Liquid
inside the injection chamber is excited upon the impact of piston, lead-
ing to the formation of a microjet through the nozzle; (b) high-velocity
microjet impacts skin surface and starts penetrating the surface when a
certain threshold value of stagnation pressure is achieved (15 MPa for
human skin); (c) penetration continues until it exhausts the energy to
penetrate further into skin matrix. This phase may occur during the
peak pressure regime in the initial phase of injection; (d) subsequent
injection of the microjet causes spherical dispersion of the liquid inside
skin layers.

files. However, the non-porous nature of these phantom me-
dium leads to dispersion through the creation of penny-shaped
cracks rather than the spherical dispersion profile observed in
tissues [30, 40, 43]. Moreover, there exists a significant back-
flow of the jet during hole formation in the skin tissues, while
there is no backflow in the holes created in polyacrylamide
gels [42].

Furthermore, the penetration profile of an NFJI system var-
ies based on the type of injection site (intradermal, subcutane-
ous and intramuscular) and the velocity or stagnation pressure
characteristics of the microjet. Seok et al. performed a study to
determine the depth and shape of an injected jet (Fig. 2(c))
[44]. They investigated the dependence of applied pressure on
the penetration profile of an injected drug in a cadaver using
an NFJI. They found that the depth and shape of dispersion
was affected by the driving pressure when injected with mate-
rials of low density and viscosity. There was a great shift in
the penetration characteristics based on the degree of applied
pressure.

In general, the factors affecting the dispersion and penetra-
tion characteristics include the microjet velocity profile,
chemical properties of the injected drug, and mechanical
properties of the penetrated medium (Fig. 3). The microjet
velocity profile depends on a number of factors, such as ener-
gizing power or driving force, volume of the drug to be in-
jected, nozzle diameter, density and viscosity of the injected
drug, injection chamber dimensions and stand-off distance [3,

60
a e
() -i 50
;A
2540
iz
@
n':§30
e
2720
=
=
{=:]
s 10
v
G
0 5 10 15 20 25

Elapsed Time (ms)

S5mm 1.68 ms

4.28 ms 22.96 ms

Fig. 2. Jet penetration characteristics: (a) Transient stagnation pressure
data obtained for a commercial air-powered needle-free injector (Air-
jet™. Union Medical, Uijeongbu-si, Gyeonggi-do, Korea). Stagnation
pressure data were recorded at the exit of the protection cap of the
device, i.e., at 5.9 mm from the nozzle exit. An experiment was per-
formed under a driving pressure of 0.433 MPa and a nozzle diameter
of 200 pm for an injection volume of 57.6 uL (30 % filling volume of
the injection chamber). The error band corresponds to the standard
deviation obtained from a set of 7 experiments; (b) penetration charac-
teristics of the microjet with the same parameters used for (a) in poly-
acrylamide medium. (i) The initiation of the penetration of the microjet
into the medium. (ii) and (iii) The initial penetration depth and disper-
sion of the microjet, respectively, during the injection procedure; (c)
Seok et al.’s observation of penetration characteristics of microjet in
human tissue (human cadaver cheek) [44]. Penetration characteristics
of latex administered by an air-powered NFJI (INNOJECTOR™,
Amore Pacific, Seoul, Korea) were studied. (i) and (iii) The penetra-
tion characteristics of a microjet under a driving pressure of 0.6 MPa.
Images show a semicircle-shaped hole that penetrated half the depth of
the excised tissue. (ii) and (iv) Injection at driving pressure of 0.8 MPa
and a cylindrical profile that penetrated the entire depth of the tissue,
respectively (adapted with permission from Fig. 4 in Ref. [44]).
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Fig. 3. Factors affecting microjet penetration characteristics.

15, 16, 45-47]. Stand-off distance can be defined as the dis-
tance from the nozzle exit to the skin surface, and it is a pa-
rameter that could be omitted from the performance evalua-
tion of an NFJI. Ideally, the nozzle tip of the NFJI should be in
contact with the skin surface. However, to avoid contamina-
tion, a safety cap was added as a safety measure. This created
a clearance gap between the nozzle tip and the skin surface,
which could affect the microjet velocity profile and penetra-

tion characteristics owing to the variation in stand-off distance.
The velocity characteristics can be quantitated as the velocity
and jet diameter at skin surface. However, in pursuit of a sin-
gle factor that could accommodate these factors, many re-
searchers employ different approaches. Apart from the micro-
jet velocity, jet power [24, 39] and stagnation pressure [15, 16]
of the jet at the skin surface were reported as the quantifiers.
The jet power can be calculated as follows:

P =%7rpD2U3 5)

where p is the fluid density, and D and U are the diameter and
velocity of the microjet, respectively. The stagnation pressure
on the skin surface can be expressed as follows:

1
szpUz. (6)

The microjet velocity profile depends upon the type of NFJI
used. Table 1 summarizes the parametric studies available in
the literature. From the literatures, it is evident that the driving
force, volume of fluid injected and nozzle diameter are the
critical parameters on which the penetration characteristics of
a particular injecting fluid depend. The parameters of the NFJI
should be selected based on the target layer in the skin tissue,
and an optimum nozzle design for various excitation methods
is yet to be obtained. It is because the exact mechanism in-
volved and the effect of various key parameters in various
NFIJI systems are still being explored, which points out the
need of an extensive study on the effects of all the parameters
in an NFJI system.

4. Clinical applications

The scope of the application of NFJIs is wide. This technol-
ogy can be adapted to systems designed for needle-based in-
jections, making it much more appealing in the modern era.
Typically, an NFJI is an effective drug delivery method target-
ing intradermal, subcutaneous or intramuscular layers in skin
and thus the same injector can be used for delivering more
than one drug to the targeted layer in tissues. Many of the
commercially available NFJIs are versatile [1], and the con-
ventional applications are in vaccine and insulin delivery.
Recently, they are being used in gene therapy and skin remod-
eling applications too. In skin remodeling applications, the
function of the NFJI may not be limited to drug delivery. In
these systems the propelled microjet may create a micro dam-
age in tissue to activate growth factors. Thus the propelled
microjets for this application may need higher velocity or
stagnation pressure compared to other applications. Herein,
we focus on the few important applications of NFJIs. Other
applications are mentioned briefly.
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Effect

Increases with increase in driving force.

No significant variation for nozzle diameter range of 129-
259 um [15,16]. Peak stagnation pressure increased with
nozzle diameter (nozzle range: 100-200 pum) [17].

Percentage volume delivery was maximum around 152 pm
(nozzle range: 76-559 pm) [13]. Optimum diameter was
found to be 300 pm (nozzle range: 200-500 pum) [21]. Depth
of fluid penetration increased with nozzle diameter (nozzle
range: 31-559 pm) [39].

Small rise in stagnation pressure and jet velocity with a
decrease in nozzle diameter (nozzle range: 40-130 pm). No
general trend for penetration depth.

Peak stagnation pressure increased with the decrease in
injecting volume for a piston stroke of 7 mm and stagnation
pressure values did not vary with selected fluids [17]. The
volume and density increased the penetration depth [18].

Jet force and velocity directly increase with the volume
loaded, thereby increasing the penetration capabilities [20].
Penetration depth decreased with an increase in injection
volume, while dispersion radius increased with an increase
in injection volume [47]. Independent of the viscosity of the
solution injected [39].

Jet velocity increases with decrease in filling volume.

Has negligible impact up to 25 mm.

Penetration depth decreases with an increase in stand-off
distance (variation is < 3 mm for a stand-off distance up to
6 mm) [39]. Delivery efficiency increased from 60 % to
~90 % at a stand-off distance increase from 1 to 3 mm, while
dispersion area did not exhibit a significant change with the
stand-off distance [41].

Penetration .
characteristics Factor NFJI type Quantitative parameter
Air or gas powered Stagnatlgn pressure [15—.17] and
(driving pressure) penetration depth (gelatin [18],
£p cadaver [44])
Spring loaded Velocity of jet and stagnation
(preloading) pressure [13], jet power [39]
Driving force . . Impact force and penetration
Piezoelectric .
(supply voltage) depth (polyacrylamide gel) [25]
PPy g and ex vivo porcine tissue [26])
Lorentz force Jet power [24'], jet velocity [23]
(supply voltage) and penetration depth (poly-
PP VOIAEE) | acrylamide gel [22,23])
Air or gas powered | Stagnation pressure [15-17]
Percentage volume delivery (ex
vivo porcine tissue and human
Nozzle . skin) [13], impact pressure [21],
diameter Spring loaded penetration depth (human skin
[39] and polyacrylamide gel
[21,39])
Microjet velocity Stagnation pressure, jet velocity
profile Piezoelectric and penetration depth (poly-
acrylamide gel) [25]
. Stagnation pressure [17] and
A .
ir or gas powered penetration depth [18]
Injection Jet forc.e [20], jet velogity [20],
penetration depth and dispersion
volume and i i bber 147 I
fluid properties . radius (S.l icon rubber [ .], poly-
Spring loaded acrylamide gel and ex vivo por-
cine tissue [20]) and efficacy of
tissue elevation (ex vivo porcine
tissue [39])
Piezoelectric Jet velocity [25]
Air or gas powered | Stagnation pressure [16,17]
Stand-off Penetration depth (human skin)
distance . [39]; delivery efficiency and
Spring loaded dispersion area (human skin)
[41]
Mechanical
properties of Young’s . Penetration depth (polyacryla-
penetrating modulus Spring loaded mide gel) [40]
medium

Decreased with increasing Young’s modulus.

4.1 Vaccine and Immunization

Studies have shown that the intradermal vaccination could
be better protection than other routes of immunization [48].
With a few exceptions, most forms of vaccinations are in-
jected into intramuscular, subcutaneous, or intradermal space.
Vaccine delivery to the targeted skin layer is a big challenge
when employing needle injections. Needle-free vaccine deliv-

ery is promoted by many public health organizations, includ-
ing WHO, Centers for Disease Control and Prevention, and
Global Alliance for Vaccines and Immunization, because of
their numerous advantages including increased safety of vac-
cine, vaccinator and society; elimination of injection pain and
needle phobia; easier and faster drug delivery; better amena-
bility with vaccination schedules; and lower cost [49-54].
Several studies have shown that a vaccine delivered using
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an NFJI disperses more widely in tissues, typically with a
spherical dispersion profile [10, 55, 56]. This wider dispersion
could increase the contact volume between immune cells
(such as lymphocytes) and vaccine antigens in tissues. This
mechanism is believed to be responsible for enhanced re-
sponses after needle-free vaccinations of different antigens,
such as typhoid, influenza, diphtheria-tetanus-pertussis, polio,
meningitis, yellow fever, and hepatitis A vaccines [1, 10, 55-
57]. Injexk (Equidyne Systems, Tustin, CA, USA) and Biojec-
torR 2000 (Bioject Medical Technologies, Bedminster, NJ,
USA) are examples of USFDA-approved injectors for vaccine
delivery [58].

4.2 Insulin

Reluctance to use needles among diabetic patients has been
a motivation for adopting NFJIs for insulin delivery. Denne et
al.’s survey [59] conducted in 1992 showed that 84 % of insu-
lin users preferred NFJIs over a needle and syringe. Further-
more in 2001, Bremseth et al. [2] confirmed the acceptance of
NFJIs (Medi-Jector Vision™, Antares Pharma, Ewing, NIJ,
USA) among people with diabetes. Better insulin dispersion
could be achieved with an NFJI in comparison with that
achieved with needle injection, and this could be the reason
for the rapid increase in plasma injections applied using NFJIs
[60, 61]. However, there are reports of hematomas, bruising,
bleeding, and immediate and delayed pain as adverse reac-
tions to needle-free insulin delivery [2, 62].

4.3 Skin rejuvenation

Studies have shown that immediate dermal thickening could
be achieved by injecting dermal fillers [63-65]. The effective-
ness and longevity of these fillers depend on the volume of the
drug injected [66, 67]. Moreover, injecting hyaluronic acid
(HA) has been reported to trigger changes in fibroblast activ-
ity in the recipient’s skin, resulting in increased collagen syn-
thesis [68]. The injected drug can penetrate the dermis to a
particular depth without affecting the surrounding tissues and
induce dermal microtrauma that can stretch the fibroblasts,
activating growth factors and constraining collagen break-
down. AirgentTM (PerfAction Ltd, Rehovot, Israel), a pneu-
matic NFJI, has been reported to have been used successfully
for administering HA injections, and it could induce long-
lasting changes in the dermis. Therefore, it has been consid-
ered as an effective treatment for wrinkles [68]. Clinical stud-
ies have shown that injecting HA using Airgent™" is effective
for treating atrophic acne scars as well [69]. Further research
on administering HA in mice using INNOJECTOR™ (Amore
Pacific, Seoul, Korea) showed that pneumatic injection of HA
stabilizes collagen synthesis by targeting vimentin [70].

4.4 Gene therapy

DNA-based gene therapy has developed from an experi-

mental technology into a viable strategy for the prevention and
treatment of a wide range of human disorders. However, the
lack of efficient delivery systems that could facilitate cellular
internalization and preserve their activity was one of the barri-
ers that hindered the wide use of this therapeutic mode [71-73].
More recently, NFJIs have been used for DNA-based thera-
pies [74, 75] because it offers many advantages, such as cir-
cumvention of the exploitation of recombinant viral particles
and zero or negligible toxicity and immunity problems. An-
other major advantage of NFJIs is that they can deliver DNA
encapsulated in viral or non-viral vectors. Clinical studies on
mice have shown that direct injection of low volumes (1.5-
10 pl) of naked DNA could achieve tumor regression in mice
[76]. In a phase I clinical trial by Walter et al., an NFJI of
plasmid DNA was effective in patients with skin metastases
due to melanoma or breast cancer [77]. In total, 0.05-mg h-
galactosidase (LacZ)-expressing plasmid DNA (pCMVh) was
injected five times into a single cutaneous lesion; no serious
side effects were observed. In several clinical trials on the
needle-free administration of HIV-1 antigens EnvA-, EnvB-,
EnvC-, gagB-, polB- and nefB-encoding DNA vaccines (in-
cluding HVTN204), followed by boosting with rAdS-
containing matching inserts, cellular and humoral immune
responses were elicited [78, 79].

Kunugiza et al. [80] compared the effects of administering
luciferase plasmid using a needle and an NFJI (Shima jet;
Shimadzu Co. Ltd., Kyoto, Japan). Their results revealed that
the local gene concentration was ~100 times higher with nee-
dle-free injection than with needle injection, and they con-
cluded that needle-free administration was much more effec-
tive for wound healing. Nakagawa et al. [81] used a Shima jet
to transfer the hepatocyte growth factor (HGF) and prostacy-
clin synthase (PGIS) genes for enhancing the survival of ran-
dom-pattern skin flaps.

4.5 Other applications

NFJIs are widely used to administer growth hormones. The
acceptance rate is considerably higher with NFJIs compared to
that with needle injections because most patients are children.
Comparative studies conducted by injecting human growth
hormone (hGH) with needle and with NFJIs have indicated
the bioequieffectiveness of needle-free hGH injections in both
children and adults [82-85]. Injection of sedatives such as
midazolam and anesthetics such as lidocaine using NFJIs have
been reported [86-89]. In fact, they are commonly used in
dermal surgical procedures, dental procedures and peripheral
intravenous cannula insertion [3]. Syrijet Mark II (Keystone
Industries, Cherry Hill, NJ, USA) is an example of an NFJI
for anesthetics (1.8-mL cartridge) [90]. Moreover, there are
reports on the use of NFJIs for injecting proteins, such as in-
terferon [91] and erythropoietin [92], intravitreal delivery [93],
low-molecular-weight heparin injections for deep vein throm-
bosis [94], and microsurgery [30, 95]. Advancements in engi-
neering and medicine have widened the scope of the applica-
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tion of NFJIs.

5. Conclusion and future prospects

Even at a glance on the literatures, the impact of NFJIs on
the world history as an effective tool in mass immunization
campaigns is evident. Their ability to serve as high-workload
devices with decreased risk of the transmission of infectious
diseases and efficacy equivalent to needle injections earned
them their mark. Even though these devices cost more than
conventional needles and syringes, the savings achieved ow-
ing to increased speed and safety may advocate their use in
mass campaigns. Currently, the applications of NFJIs are not
restricted to vaccine or insulin delivery. Newer applications
are sought out every day. The ease of modifying conventional
needle-based systems into a needle-free system makes it more
appealing in modern medicine. Although these systems have
been under development for decades, their full potential has
not been reached yet. Pain, edema, occasional bleeding and
bruising and ecchymosis (occurring less often) are reported to
occur more frequently with the use of NFJIs compared with
those occurring with the use of needle injections [1-3, 69, 85,
96]. The occurrence of hematoma and transient neuropathy
eye penetration when delivering an anesthetic during lower
eyelid surgery have been reported in rare cases [1]. The exact
reason for these reactions remains unknown.

Additional studies should be conducted to address numer-
ous unanswered questions regarding microjet penetration,
especially from the engineering viewpoint. Furthermore, re-
search should be done to determine the exact penetration and
dispersion mechanism, verify whether the injected drug re-
mains intact, and investigate the impact of the mechanical
properties of tissues (porosity, hardness, and toughness) on the
dispersion characteristics. These topics can be considered as
motivations for further research in this field.
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