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ABSTRACT

The aim of this study is to investigate the effects of particle size and other injection factors on the skin
penetration of nanoparticles delivered with a needle-free injector. Experimental and simulation tests
were carried out at various parameters. In addition to testing different sizes of nanoparticles, we also
observed the effects of several injection pressures and syringe orifice diameters (SOD) on the dispersion
pattern of the nanoparticles after injection. Our results showed that as the nanoparticle size increased
from 45 nm to 452 nm, the resulting puncture opening, channel diameter, and depth of the nanoparticle
dispersion decreased, but the width of the dispersion increased. Conversely, as the SOD increased, the
puncture opening, channel diameter, and depth of the dispersion increased, but width of the dispersion
decreased. Increasing the injection pressure also decreased the size, depth, and width of the puncture
opening. These results identify how these three parameters affect nanoparticle delivery from a needle-
free injector; therefore, our findings will be beneficial for optimization and further study of needle-free
injectors as a mechanism for transdermal delivery of nanoparticles.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Skin is by far the largest and most easily accessible organ
in the human body, and several studies have reviewed topical
and systemic delivery of drugs via transdermal methods [1-6].
Transdermal drug delivery provides many therapeutic and prac-
tical advantages, including sustained local delivery of drugs, which
could reduce systemic side effects; and lighter dosing schedules
(meaning fewer doses to achieve the same effect), which might
improve patient compliance. Perhaps most importantly, transder-
mal delivered compounds avoids the first-pass metabolism effect,
an advantage that is especially applicable to compounds with poor
oral bio-availability [2,7,8].

Although transdermal delivery has been demonstrated as a
promising drug delivery mechanism, the functional properties of
skin that make it an excellent barrier also limit the efficiency of
drug delivery into and across the epidermis [2,5,9]. The skin rep-
resents an extraordinary evolutionary feat. It basically consists of
three layers, an epidermis composed of columnar epithelium, a
dermis composed of fibrous connective tissue, and a hypodermis.
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The stratum corneum, the uppermost layer of the skin, is rela-
tively impermeable, which makes the transdermal transport of
molecules a slow process [10-13]. To overcome the barrier function
of the stratum corneum, substances are routinely delivered using
a needle. A needle-free alternative jet injection of substances has
recently emerged as a novel tool for transdermal drug delivery. The
jet injection penetrates the skin and delivers the substance using a
high-speed stream of fluid, thus mediating needle-free transdermal
drug administration [14-16].

The efficiency of jet penetration into human skin depends on
various parameters, according to recent reports [14,16], and dis-
persion of jets into human and animal skin has been reported for
isolated conditions only [ 17]. Although jet injectors have been thor-
oughly investigated in clinical trials and animal experiments, the
current body of literature contains very little mechanistic evidence
underlying the physical events that occur during the injection pro-
cess [17,18].

Additionally, in recent years, scientists have devoted significant
resources toward developing nanotechnology as a tool for drug
delivery [19]. Colloidal carriers, such as polymeric nanoparticles,
have been investigated as a tool for localized drug delivery to spe-
cific anatomical sites, e.g., the eye [20], nose [21,22], brain [23], or
intestine [24]. Polymeric nanoparticles have demonstrated several
advantages in these studies, such as excellent tolerability, physical
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stability, and protection of labile substances, high drug payload, and
the possibility for controlled drugrelease [16,25], all of which might
improve the overall efficiency of the transdermal drug delivery
process. Therefore, nanoparticles lend themselves to needle-free
injection, because using both technologies simultaneously might
bring about a synergistic boost in the efficiency of the transdermal
drug delivery.

The idea is promising, but to date there has not been a rigor-
ous study characterizing the parameters that affect the dispersion
of nanoparticles during needle-free injection, information that is
essential to evaluating the efficiency of the technique. Herein, we
demonstrate that the efficiency of jet penetration/dispersion of
nanoparticles is dependent on several parameters, namely particle
size, injection pressure, and the diameter of the syringe nozzle.

2. Materials and methods
2.1. Materials

Didodecyldimethylammonium bromide (DMAB) and propylene
carbonate (PC) were purchased from Sigma (St. Louis, MO, USA).
The type of poly-p,L-lactic-co-glycolic acid (PLGA) used herein was
obtained from Boehringer Ingelheim (Ingelheim, Germany). All
other chemicals were of HPLC grade and purchased from Sigma
(St. Louis, MO, USA).

2.2. Nanoparticle preparation

The PLGA nanoparticles were prepared using the
emulsification-diffusion method. Briefly, 10-50mg of PLGA
was dissolved in 1ml of polycarbonate. The resulting organic
phases were combined with 2 ml of an aqueous phase containing
DMAB (0.1-3%) as stabilizer. After mutual saturation of the organic
and aqueous phases, the mixture was emulsified for 1min in
an ice-bath using either a homogenizer or a probe-tip sonicator
(Sonicator® XL, Misonix, Farmingdale, NY, USA) at 50 W. In order
to mediate the diffusion of the organic solvent into the water, a
constant volume (8 ml) of water was subsequently added to the
organic/water (o/w) emulsion under moderate magnetic stirring,
which led to the formation of PLGA nanoparticles.

2.3. Particle size measurement

Particle size and polydispersity index were determined by
the light scattering method, following the manufacturer’s rec-
ommendations (DLS-8000, Otsuka Electronics, Japan). To conduct
measurements, 0.2ml of the nanoparticle suspension was dis-
persed in 3 ml of distilled water. The analyses were performed at a
scattering angle of 90° and temperature of 25 °C. Each sample was
measured in triplicate, and average particle sizes were expressed
as mean diameters.

2.4. Preparation of mouse skin

Hairless mice (SKH-hr-1 strain), about 7-8 weeks old, were sac-
rificed using spinal cord dislocation, and the abdominal skin was
wiped clean with a tissue moistened with normal saline. Rectangu-
lar sections of whole skin, several centimeters in length and width,
were excised with surgical scissors. Following removal of fat and
subdermal tissues, the sections were frozen at —70°C for one week
until use.

2.5. Polyacrylamide gels

Polyacrylamide gels (25% acrylamide) were used as a model
soft material in this study. The gel were created by adding a

Table 1
Components of the nanoparticle formulation, and influence of concentration of
PLGA, DMAB and energy source on nanoparticle size.

Nanoparticle

I 11 11 I\
PLGA 2% 3% 2% 2%
DMAB 3% 0.3% 3% 0.3%
Emulsion energy ~ Sonication Sonication Homogenization Stirring

polymerization initiator (10% ammonium persulfate, APS) and
propagator (N,N,N’,N’-tetramethylethylenediamine, TEMED) to
a 50% (w/v) acrylamide solution of 49:1 acrylamide to bis-
acrylamide. Specifically, this acrylamide solution was prepared by
mixing 10 ml of the 50% stock acrylamide solution with 10 ml of
distilled water, and it was polymerized with 200 .l of 10% APS and
40 1 of TEMED.

2.6. Experimental transdermal delivery system and simulation
analysis

A commercial needle-free injector (Biojector 2000; Portland,
OR, USA) was used to produce jets through three different syringe
orifice diameters (SOD; 0.114mm, 0.218 mm, and 0.373 mm) at
pressures ranging between 500 psi and 700 psi. Immediately prior
to jet injection experiments, the excised mouse skin was mounted
onto a polyacrylamide gel base (both described above). Utilizing
the needle-free injector, we subjected the nanoparticle solution
described above to this experimental transdermal delivery model,
as follows: using a spray driven by compressed carbon dioxide
(CO,) gas, nanoparticles were propelled through the mouse skin
into the polyacrylamide gel [26]. Specifically, 0.1 mL of nanopar-
ticle solution was loaded into the device, and a jet produced at
various pressure and syringe orifice diameter (SOD) settings drove
the solution through the mouse skin and into the gel. For perfor-
mance analysis after injection, the channel diameter, the puncture
opening diameter, and the width and depth of the nanoparticle
dispersion in the gel were measured using a caliper.

The simulation on pressure and velocity distribution measure-
ment of a commercial needle-free injector configurations was
carried out using COMSOL® Ver.4.3 add-on CFD module under Win-
dows Vista operational system. Simulation was performed using
the actual configuration of needle-free injector.

3. Results and discussion

3.1. Preparation and characterization of four different size ranges
of nanoparticles

Herein, we studied how transdermal dispersion of a nanopar-
ticle solution using a jet injector at a constant jet volume
(0.1ml) was affected by a range of SOD (0.114-0.373 mm),
pressures (500-700 psi), and nanoparticle size ranges (45-450 nm).
The different sizes of PLGA nanoparticles were prepared using
the emulsification-diffusion method; to confirm and optimize
nanoparticle formation, we analyzed the particle size in the result-
ing solution by light scattering. Using various concentrations of
DMAB and devices that produced different emulsion intensities
(a homogenizer versus a sonicator), we created four different
nanoparticle size ranges, which we designated as NP [, II, Il and
IV (Fig. 1) (Table 1). Our light scattering analyses revealed that
the average NP sizes of NP I, II, III, and IV were 45.04+2.3 nm,
82.3+7.2nm, 222.6 £ 12.3nm, and 452.2 +20.2 nm, respectively.
We used these four populations of nanoparticles to study the effects
of particle size on dispersion following injection.
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Fig. 1. Size distribution of polymeric nanoparticles: NPI, NPII, NPIIl and NPIV at different concentrations of PLGA and DMAB, and at various energy sources.

3.2. Transdermal delivery system using hairless mouse skin and
polyacrylamide gel experimental model

The distance of jet penetration into intact skin is limited in
part by the composite structure of the skin and by variability in
the mechanical properties within and between skin samples [27].
Furthermore, skin is opaque, making it impossible to visualize the
extent of transdermal jet dispersion. To overcome these problems,
we utilized harvested mouse skin placed onto a polyacrylamide gel
bed as our transdermal delivery model.

Polyacrylamide gels have been used as a model test bed for
several fluid impingement applications [18,28,29], and they meet
several criteria for a model soft material (transparency, controllable
mechanical properties, and controllable dimensions). Additionally,
the typical jet penetration and dispersion pattern into a poly-
acryamide gel bed has been described previously: a cylindrical
introductory channel followed by a large circular dispersion [18].
This pattern reflects the nature of jet injection of a liquid (whether

into skin or polyacrylamide gel), which occurs in two sequential
steps. In the first step, the injectate penetrates the skin, fat, and
muscle tissue while traveling at a high velocity. The channel results
from gel erosion due to the impact of the high-velocity jet. In
the second step, the bulk of the injectate is deposited within the
target tissue at a lower velocity [30], resulting in a circular disper-
sion. Although the dispersion pattern seen in polyacrylamide gels
does not exactly recapitulate the pattern in skin and tissue, due
to differences in material properties, we expect that the needle-
free injection parameters tested herein would affect the dispersion
pattern in skin and tissue in a similar fashion.

A typical penetration and dispersion pattern created by jet
penetration into a 25% polyacrylamide gel is shown in Fig. 2
(82.3 £7.2 nm nanoparticles, 0.114 mm SOD, 700 psi pressure, and
0.1 ml jet volume, injected through hairless mouse skin). Jet injec-
tion of the nanoparticle solution formed a slender, cylindrical
channel originating at the point of impact. The cylindrical channel
terminated into a large circular dispersion region, into which the
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Fig. 2. The general shape of the penetration into the gel (1: channel, 2: hole, 3:
width, 4: depth).

majority of the injected liquid was delivered. This pattern recapit-
ulated previous observations of jet injection into a polyacrylamide
gel bed.

3.3. Effect of nanoparticle size on dispersion width and injection
depth

Using this model system, we first investigated how the penetra-
tion of the biojector depended on the size of the nanoparticles in the
injection solution. For each experiment, we ejected a total of 0.1 mL
of the nanoparticle solution from a biojector fitted with a 0.218-
mm diameter. Results were displayed as measurements in each
dimension for the set of injections performed with each particle
size (Fig. 3). As the particle size increased from 45 nm to 452 nm, the
puncture opening decreased from 11.2 mm to 6.1 mm, the channel
diameter increased from 5.6 mm to 6.5 mm, the dispersion depth
decreased from 23.6mm to 18.1 mm, and the dispersion width
increased from 17.2 mm to 20.8 mm. In other words, as the particle
size increased, the general injection depth was decreased, possibly
due to the interaction between larger particles on the mouse skin
structure. Specifically, we propose that increased friction between
the skin structure and the larger particles could decrease the veloc-
ity of the injection.

3.4. Effect of SOD on jet penetration

Next, we investigated how the SOD affected jet penetration.
For each experiment, a total of 0.1 mL of nanoparticle solution
was ejected through varying SOD at a constant pressure (600 psi).
Our results revealed that the size of the injector orifice diameter

BREINP I
EINPI N
204 RN NP III
= ZZINP IV
g 7
EL 15 4 %
8 5
2 o
5 55
2 10-
]
.8 (<
2
5 5%

e

.’ —

=

oo =

=

0 i =

Hole Channel Width Denth

Fig. 3. Characteristics of jet penetration after injection of nanoparticles into
acryamide gel through hairless mouse skin and then stomach muscle with respect
to particle size (gel concentration 25%, pressure 500 psi).
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Fig. 4. Characteristics of jet penetration after injection of nanoparticles into
acryamide gel through hairless mouse skin with respect to syringe orifice diameter
(gel concentration 25%, injection pressure 500 psi).

influenced the shape and dispersion pattern (Fig. 4). As the SOD
increased from 0.114 mm to 0.373 mm, the puncture opening in
the gel increased from 6.2 mm to 14.0 mm, the channel diameter
increased from 4.5 mm to 11.7 mm, the dispersion depth increased
from 14.1 mm to 19.9 mm, and the dispersion width decreased from
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Fig. 5. Characteristics of jet penetration after injection of nanoparticles into
acryamide gel through hairless mouse skin with respect to injection pressure (gel
concentration 25%, SOD 0.218 mm).
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Fig. 6. FEM analysis results showing amplitude of pressure (a) and velocity (b) at different configurations; rainbow scale view (insets).

14.5 mm to 9.8 mm. The shape of the dispersion also changed as the
SOD increased, varying from an inverted hemisphere at 0.114 mm
SOD, to an ellipsoid at 0.218 mm SOD (the manufactured SOD),
to a vertical, more linear shape at 0.373 mm (data not shown).
We attributed these observations to the variable flow properties
through the different SOD. The flow of the nanoparticle solution
through a smaller orifice could have caused both turbulent and
frictional losses in the energy of the particle dispersion, if the SOD
was a limiting factor in overall jet velocity. Thus, as the jet diam-
eter increased, the rate of energy transfer through the skin also
increased, thereby leading to a possible increase in delivery.

3.5. Effect of pressure on dispersion and penetration of
nanoparticles

To investigate the dependence of nanoparticle penetration on
pressure, we utilized the biojector with the manufactured SOD of
0.218 mm and varied the pressure of the CO, gas driving the injec-
tion. Specifically, we set the device at the selected values of 500,
600 and 700 psi and examined the resulting nanoparticle disper-
sion patterns (Fig. 5). As the pressure increased from 500 psi to

Fig.7. Cross-sectional views of porcine tissue after bioject injection with nanoparti-
cle size of (a) 45 nm, and (b) 450 nm (syringe orifice diameter of 0.114 mm, pressure
of 600 psi, injection volume of 0.1 ml).

700 psi, the puncture opening and dispersion depth both increased,
but the channel diameter and dispersion width both decreased. The
experimental results are in cohesion with the computer simulation
outputresults (Fig. 6). When we increased the pressure from 500 psi
to 700 psi, the values of velocity and pressure were also increased
under same conditions of polyacrylamide gels.

The effect of increasing the pressure from 600 psi to 700 psi was
especially pronounced: the channel diameter and width of the dis-
persion significantly decreased, from 8.5 mm to 3.2 mm and from
15.2 mm to 9.2 mm, respectively. The nanoparticle solution could
not penetrate the mouse skin under a 500-psi injection pressure.
Fig. 7 shows a typical cross-sectional image of the penetration pat-
tern of nanoparticle solutions with different nanoparticle sizes onto
a porcine tissue.

4. Conclusion

We prepared four size ranges (45-450 nm) of nanoparticles by
varying the polymer concentration, the emulsifying method, and
the energy source for emulsion during preparation. Using these
nanoparticles and acommercially available needle-free injector, we
investigated the influence of different injection parameters on the
resulting nanoparticle dispersion pattern through hairless mouse
skin into a polyacrylamide gel bed. Our results revealed that dur-
ing needle-free injection of nanoparticles, both the penetration
and the dispersion patterns of the nanoparticles were influenced
by all three parameters tested herein: SOD, injection pressure,
and the size of the injected particles. As we increased SOD and
pressure, the puncture opening in the skin, depth of dispersion
penetration, and channel diameter increased, but width of disper-
sion decreased. However, as we increased the particle size in the
injectate, the puncture opening, channel diameter, and dispersion
depth decreased, while the dispersion width increased. Increases
in injection pressure were accompanied by decreases in the chan-
nel diameter and the dispersion width. Significantly, when using
needle-free injection to deliver therapeutic substances, the depth
ofajetinjection and the nature of the dispersion pattern all have the
potential to influence the efficacy of drug delivery. These provide
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significant information that will aid in the study of transdermal
delivery using needle-free injectors and nanoparticles.
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