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ABSTRACT

In this paper we present new results on jet injection with the overall aim of providing an efficient drug delivery into the intradermal region of the skin. To advance
upon previous work in this area, we studied the use of various geometries for the nozzle (ampule) tip, which is applied to the skin. The geometries included a regular
(flat-top) nozzle, tapered nozzles (conical and parabolic), and one wide base nozzle in order to vary the local stress in the skin layers directly beneath the injector. In
all of these geometries, we also varied both the applied load and the skin support (e.g., solid backing vs. porcine tissue). We found that the use of applied load
combined with a wider contact area led to more consistent injections with dispersion characteristics that may be preferable for vaccinations utilizing skin-based

electroporation.

1. Introduction

Jet injection is becoming an attractive needle-free alternative to
standard hypodermic injections for a number of reasons. Chief among
these are: elimination of needle-phobia in patients [1-3], improved
patient compliance, reduction in sharps waste [4,5] and occurrence of
accidental needle-stick injuries [6-8], and proven efficacy in terms of
immunogenecity [9-16], especially for fractional dose vaccinations
[17-20].

The basic premise of needle-free jet injection relies upon creating a
highly pressurized liquid in an ampule (or cartridge) with a narrow
orifice (typically d ~ O(100)um) to yield a high-speed jet (v; ~ O(100)
m/s) that can puncture the skin and deposit drug to the target tissue
below[1,21] (e.g., dermis, subcutaneous, or intramuscular). A summary
of various mechanisms and corresponding injection volumes and pene-
tration depths can be found in a recent review by Schoppink & Rivas
[22].

Whilst many studies in the literature focus on systematic variation of
parameters such as orifice diameter[21,23,24], jet speed [21-25], fluid
viscosity [26,27], substrate or skin stiffness [28,29], etc., few have re-
ported on the effect of the ampule or nozzle design [30,31], specifically
the part which contacts the skin. This component is crucial since, along
with the applied load, it will determine the distribution of stress within
the tissue layers beneath the skin. Furthermore, since novel injector
designs aim to incorporate skin tensioning mechanisms [32] and vac-
uums via use of a shroud [33-36], this component becomes even more
important. In particular, the use of a shroud is pertinent in light of a
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recent study into the production of aerosols from jet injection [37]. The
effects of loading and skin tension have been known for some time [32,
38,39], but have not been well studied or quantified, with the exception
of Rohilla et al. [40].

Furthermore, since the exact dimensions of the ampule (or nozzle)
and/or shroud will vary from one injector to another, it is prudent to
assess the effect of this component. Motivation also stems from design of
novel injectors that aim to couple injection with skin-based electropo-
ration (EP) modules [41,42], wherein it is sought after to enhance the
electric field distribution. As such, we focused herein on the effect of the
geometry of the nozzle tip and the spacer attachment (which may be
incorporated in some injectors as the ‘ampule’ or ‘shroud’) on delivery
efficacy and fluid distribution. Specifically, we assessed the coupled
effect of the geometry and applied load. In addition, the substrate un-
derneath the skin tissues was varied to compare how the stiffness, and
subsequently local compression, affects the injection.

2. Methods

Skin samples: Human skin samples from a batch purchased from the
National Disease Research Interchange (NDRI), were selected for in-
jections. In particular, the skin samples used were from the abdomen
regions of (i) 16 yr old caucasian male with BMI of 20.6, and (ii) 83 yr
old caucasian female with BMI of 33.5. The thickness of both the skin
samples was variable according to the excision depth and exact location
on the sample, but typically varied between 2 and 5 mm for the dermal
tissue and 5-15 mm for the adipose tissue.
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All skin samples were stored in a freezer at —20 °C and thawed
completely prior to use. The skin samples were then weighed both
before and after injection, to estimate the change in mass due to injec-
tion (Mej — Mrejected); Where My; is the mass of liquid expelled by the
injector, and Myejecred is the mass of liquid rejected by the skin. In addi-
tion, any residual liquid remaining on the skin surface was absorbed
using filter paper to verify the mass measurements and give a corre-
sponding estimate of the injection volume. This results in a useful
measure of efficacy - namely - injection efficiency, defined as follows:
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Fig. 1. (a) Bioject ID Pen injector and (b) Modified cartridge nozzles. All inner
dimensions were unaltered with main cartridge inner diameter of 4.57 mm, and
nozzle orifices of 165-174 pm.
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see Fig. 1(a)) was used to perform jet injections with ejection volume set
to V=100 pL. The orifice diameters of the nozzles selected for this study
were in the range d, = 165 — 174 pm, leading to jet speeds of v; = 127 —
144 m/s, based upon the plunger speeds in the main cartridge barrel and
applying mass conservation. The shape of the nozzle tip was varied by
either using the un-modified cartridge nozzle (labelled ‘normal’),
tapering to a point (either parabolic or conical, labelled ‘tapered’), or
using a modified spacer ring filled with resin (labelled ‘wide’). These are
shown graphically in Fig. 1(b). The modifications varied the diameter of
the nozzle tips from 1 mm to 4 mm-15 mm, thus varying the contact
area between the nozzle and the skin surface from = 0.008 cm? (conical)
to 1.77 em? (widened).

To further vary the stress within the target tissues prior to injection,
the skin samples were placed either on a solid glass plate, or 2 cm of pork
tissue, and the nozzle tip was either just placed on the skin (zero load, to
serve as the control, i.e., no pre-stressing of the tissue) or pressed into the
skin with 1 kg of load, as measured by a mass balance placed underneath
the tissues. The use of 1 kg load was guided by our previous study which
indicated this load gave optimal injections efficiencies (see Rohilla et al.
[40] for more details.

Imaging and characterization: To visualize the dispersion of liquids in
the skin samples, Trypan Blue (Sigma Aldrich) was added to DI water at
a concentration of 1 mg/ml. DI water was chosen as the injectate to
represent low-viscosity solutions. After injection, skin samples were
frozen to —4 °C, and then cut along the cross-section of the injection site
to visualize the intradermal bleb, whose dimensions (depth, H, and
width, D) were measured using image processing in Matlab (see Fig. 7
for an example). The injections could then be characterized in terms of
the bleb dimensions, injection efficiency, #, and the amounts of injectate
remaining in the dermis and fat, respectively.

3. Results and discussion

Fig. 2 shows side-by-side comparisons of representative injections
into human skin (BMI 33.5) for a range of conditions. As evidenced by
the lack of bleb formation in the top row, injections performed without
loading (i.e., injector nozzle just placed onto skin) were mostly unsuc-
cessful, with just a small amount of liquid injected into the very top layer
of the dermal tissues. However, upon inspection of the bottom row of
images, it is clear that the addition of 1 kg load has a pronounced effect -
depending on the nozzle type. For the case of the tapered nozzle (Fig. 2
(a), bottom row), the injection still fails with only a small amount of dye
in the dermal tissues. However, for the cases of the regular and widened
nozzles (Fig. 2(b) and (c), bottom row), both the amount of liquid
injected and the size of the intradermal bleb is significantly increased.
Moreover, we observe that the bleb becomes slightly wider and shal-
lower as the width of the nozzle increases. Furthermore, for injections
performed with the regular and wide nozzles at 1 kg load, we observe
some dye in the subcutaneous fat tissue. Since there is no visible jet path
into this tissue, we conclude it is diffusion from the primary deposit in
the dermal tissues. For the injections in Fig. 2, the substrate backing the
skin samples was glass (i.e., rigid), whilst the average thicknesses of the
dermal and fat tissues were ~2 mm and ~11 mm, respectively. It is
noteworthy that the effect of nozzle shape and load herein results in a
similar qualitative effect as varying jet speed in McKeage et al. [25],
where low jet speeds (V; < 90 m/s) led to only superficial deposit of very
small volumes in the dermis, while higher jet speeds (V; > 100 m/s) led
to larger delivery volumes in the sub-cutaneous and intramuscular
tissues.

At a qualitative level, the failed injections for those performed
without loading can be explained by considering the interaction of the
jet with the skin substrate, as follows: When no loading is applied, the
momentum of the jet can be sufficient to cause a large deformation
(dimple) in the surface, increasing the distance between the orifice and
the skin surface. This offset, coupled with the compliance of the fat
tissue leads to the jet being deflected from the surface and reduces the
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Fig. 2. Medial sections of injection sites for human skin with (a) tapered, (b) normal, and (c) widened nozzles at 0 kg (top row) and 1 kg (bottom row) loading. BMI
= 33.5, average dermal thickness 2 mm, fat tissue thickness 10-11 mm. The scale divisions in each image are millimetric. Each image shows both sides of the cut.

penetration and delivery of liquid into the tissue [43]. This effect is seen
to varying degrees depending upon the thickness of both the dermal and
fat tissues, and their corresponding stiffness. At a more quantitative
level, the puncture of a substrate by a liquid jet could be characterized
by a threshold jet Weber number based upon the modulus of the sub-
strate, as per the approximations derived by van der Ven et al. [44],
where the threshold for elastic/plastic deformation was given as Weje; =
0.728G%83, where G is the stiffness. Using the values for the shear
modulus derived from Baxter & Mitragotri [29] of G ~ 500 kPa for
human skin, their empirical equation yields Wej,: = 39100, which is very
close to the jet Weber numbers in this study (Wej; = pd,,Vj2 /o = 38,
800 — 47,600), indicating a highly elastic response, in agreement with
the reasoning above.

In the specific case of Fig. 2 (with high BMI) the thickness of the fat
tissue relative to the dermis (~ 11 mm vs ~ 2 mm) could also be a factor
leading to failed injections. This becomes apparent when compared to
injections performed into a different skin sample with less fat tissue (and
higher ratio of dermis:fat). The corresponding images for this skin are
shown in Fig. 3, where the difference between the two rows is less sig-
nificant than Fig. 2. The major discernible difference between zero
applied load (top row) and 1 kg of applied load (bottom row) is the

increased amount of dye present in the fat tissue for the loaded in-
jections, which was also observed in Fig. 2. In this instance, we also
observe a slight increase in lateral dispersion (i.e., increased bleb width),
but we do not observe a significant effect of the nozzle shape on injection
efficiency.

A summary of the injection efficiencies of the configurations shown
in Figs. 2 and 3 is presented in Fig. 4 (a) and (b), respectively. This
quantitative assessment depicts the qualitative findings in the raw im-
ages, namely, unsuccessful or failed injections for the skin with low
dermis:fat ratio and 0 kg load, but a significant improvement when
under 1 kg of load. However, this was only consistently observed for the
normal and wide nozzle shapes, not for the tapered nozzle. We hy-
pothesize that the tapered shapes, with a much smaller contact area (d ~
1 mm), leads to a highly localized stress that significantly compresses
the skin and fat tissues above a threshold such that the tissue layers are
too narrow in the immediate vicinity of the orifice; When the stress
within the target tissue is too high, the fluid cannot penetrate and
disperse laterally, due to the high counter-pressure from the tissue [45].
A previous study [29] reported that the average Young’s modulus of
human skin is around 0.3 MPa, which would require a critical ‘erosion
stress’ of approximately 0.5-1 MPa, typically supplied by the jet in the
form of inertial pressure, pv? ~ O(10) MPa in order to puncture.

Fig. 3. Medial sections of injection sites for human skin with (a) tapered, (b) normal, and (c) widened nozzles at 0 kg (top row) and 1 kg (bottom row) loading. BMI
= 20.6, average dermal thickness 3-4 mm, fat tissue thickness 6-8 mm. The scale divisions in each image are millimetric. Each image shows both sides of the cut.
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Fig. 4. Summary data of injection efficiency into human skin backed by rigid
(glass) substrate. (a) BMI = 33.5 (corresponding to the skin in Fig. 2), and (b)
BMI = 20.6 (corresponding to the skin in Fig. 3).

However, since the jet interacts with the tissues (i.e. erosion during the
puncture and penetration, and diffusion during the deposition stage),
there is a high degree of momentum dissipation reducing the total
penetration depth. When additional loading is used, the skin tissues are
compressed, and we estimate the magnitude and distribution of this
stress in the simplest framework of contact mechanics simply from the
normal load and approximate cylindrical contact area. For example, the
tapered nozzles with flat tips and contact diameter of 1 mm and 1 kg
load (F = 9.81 N) would result in a stresses of O(10) MPa, which then
becomes comparable to the jet inertial pressure, resulting in failed in-
jections. In contrast, the application of the same 1 kg load with larger
nozzle shapes (normal, d = 4.2 mm, and wide, d = 15 mm) promotes a
more uniform distribution of stress within the skin tissue, reducing local
counter-pressure [45] to the jet flow, leading to more successful in-
jections. A simple proxy visualization of the stress distribution can be
provided by the contact pressure versus radius, based on Hertz contact

theory with p(r) = po(1 — r2/R?)"/2, with Py—Fy/(2A), where Fy is the
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normal load force and A is the contact area. This function is shown in
Fig. 5 for the tip diameters of 1 mm, 4.2 mm, and 15 mm, respectively.

We also note that the Young’s modulus of human skin is reported to
increase linearly with age, with skin becoming thinner and stiffer [46],
which also helps to explain the discrepancy between our injection effi-
ciencies in the two skin samples, given that the skin sample from the
older patient showed reduced injection efficiency.

For the injections into the lower BMI skin tissue (higher ratio of
dermal:fat thickness, as per Fig. 4(b)), we do not observe a significant
improvement in terms of mean injection efficiency, rather an improved
consistency. This is evident from the narrow data ranges (tighter
grouping of data points) observed for 1 kg load. In this case, as argued
above, we postulate this is due to reduced tissue compliance, i.e.,
reduced elastic response (from less fat tissue) coupled with load that pre-
stresses the skin. Surprisingly, even the tapered nozzle resulted in
improved performance for this low BMI skin, which implies that the skin
thickness and ratio of dermal to fat thickness is perhaps an equally
important factor as the load itself.

To render more realistic trials, a supplemental set of injections were
conducted with a 2-cm-thick section of pork tissue placed under the skin.
Due to the availability of skin samples, these trials could only be con-
ducted with the lower BMI sample. The data for these trials are shown in
Fig. 6. For purposes of comparison, the left side of the plot replicates the
data from Fig. 4(b) for glass backing, whilst the pork tissue backing is on
the right. Here, we observe a decrease in injection efficiency for the

tapered and normal nozzles ( : 97-90%, 7 : 99—-90%), and a mar-
ginal (but non-significant) increase for the wider nozzle, with
7 :95-98% for glass backing versus pork tissue backing. For the
tapered and normal nozzles, the fact that ;4 decreases and the spread
increases is consistent with the reasoning that more tissue compliance
decreases overall injection success rates.

As per the qualitative observations in Figs. 2 and 3, the injection
dispersion patterns can vary significantly. Therefore, to further quantify
the injections, we also measured the bleb dimensions and total area
coverage (via filtering and binarizing) to determine the approximate
percentage of injectate in the dermis and fat tissues, respectively. Fig. 7
shows an example of the image analysis performed to determine the
extent of the bleb, and location of boundary between the dermal and fat
tissues. A simple count of pixels above/below the boundary then yields
the percentage of injected fluid in either tissue. In this realization, the
approximate amount of injectate in the dermis is 68%, with 32%
reaching the fat tissue.
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Fig. 5. Contact pressure, p(r), versus radius for different nozzle diameters with
normal load of 1 kg.
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Fig. 6. Comparison of injection efficiencies into human skin with rigid vs.
tissue backing.

Performing these analyses across multiple sets of images yields the
ensemble data in Fig. 8, which is segmented into (i) glass backing
without load, (ii) glass backing with 1 kg load, and (iii) pork tissue
backing with 1 kg load. The data exhibits significant intra-sample
variation, which could be partly attributed to heterogeneity in the
skin, but the overall trends indicate that there is no significant effect of
loading/backing for the tapered or normal nozzles, with p-valuesp > 0.1
in both cases, whilst there is a significant effect of the loading/backing
for the wide nozzle (p < 0.05). In particular, the data for the wide nozzle
with 1 kg load on rigid backing shows a reduction in the amount
remaining in the dermis to around 20-40% compared with the other
configurations with around 60-80%. We hypothesize that this is due to
the compression of the skin between the nozzle tip and the rigid glass
plate forcing more liquid into the fat tissue. This effect would then not be
significant in the other configurations (i.e., no loading and tissue-backed
skin samples), yielding the higher percentages in the dermis in those
cases.

Focusing on the most relevant configuration, i.e. injections with
applied load onto human skin samples backed by pork tissue, to simulate
real-life injections, the bleb dimensions are presented in Fig. 9. Note that
for the purposes of this analysis, the bleb dimensions are taken to be
those of the primary (connected) deposit, i.e., discounting the ‘finger-
like’ diffusion into fat tissue. Here we find that the intradermal blebs are
consistently around 4-5 mm deep in all cases, but the width of the
dispersion varies significantly; specifically, the wider nozzle produces a
more consistent and wider bleb, around 7-8 mm in diameter, yielding
width-to-depth aspect ratios of D/H ~ 1.5 — 2. Again, we attribute this to
the uniform stress in the dermis, which has a reduced apparent thickness
due to the compression, leading to the fluid being forced to disperse
more laterally.

From a clinical perspective, if an intradermal injection is to be
augmented with electroporation (EP), which can significantly improve
immune response for DNA vaccination [41,42], it is beneficial to have a
shallow and broad dispersion. In other words, wider but less deep so that
the electrical current can more easily permeate the tissue to enable the
EP to take place, and the drug or vaccine can ultimately transfect more
cells. In this regard, the use of a wide contact area with applied load
achieves the desired outcome, as evident from the bleb dimensions,
presented in Fig. 9.

4. Conclusions

Whilst the results of this study indeed make a case for the effects of
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Fig. 7. Image analysis performed on blebs to determine approximate percent-
age of injectate in dermal and fat tissues. (a) Original color image cropped
around injection site; (b) Blue channel filter with location of boundary between
dermis and fat tissues; (c) Red channel filter with outline of bleb; (d) Artificially
filled outline overlayed on original with the location of tissue boundary. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 9. Bleb dimensions (depth and width) for injections into human skin with
1 kg load and pork tissue backing. Red cross indicates an outlier. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

nozzle shape and applied load, and multiple repeat trials were per-
formed in attempt to rule out any significant errors, we must acknowl-
edge several limitations of the experimental procedures and analyses.

1. Due to variation in orifice diameter (165-174 pm), there are varia-
tions in jet speeds (from 127 to 144 m/s) between the different
nozzle types used.

2. The injection efficiencies are based upon an average of both the skin
mass (before vs. after injection) and filter papers used to blot unde-
livered liquid from the skin surface. However, any fluid that is
absorbed into the skin but not actually delivered via the puncture by
the jet is not accounted for.

3. Our study only used one target injection volume (100 pL) as per
fractional dose skin vaccination guidelines. However, increasing
volume has been shown to increase both penetration depth and
dispersion width [24,28], therefore replicating this study (i.e., effects
of applied load combined with ampule contact shape) with increased
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volumes may be of interest for applications targeting larger volumes
for skin or subcutaneous delivery.

4. The bleb dimensions are based on the medial section chosen, and
cannot account for dispersion in the direction perpendicular to this
plane. It is also unclear how much fluid reaches the fat tissue due to
jet penetration or simply via diffusion post-injection. Thus for future
studies, a combination of high-speed X-ray and micro-computed to-
mography (u-CT) imaging would be preferable for a complete un-
derstanding of jet dynamics and liquid distribution.

5. The skin samples used exhibited heterogeneity in terms of local fat
tissue thickness, meaning that even though care was taken to control
sources of variation in the experiments, some inherent variation
occurred due to skin properties (tension, dermis and fat thickness).

Optimizing injector parameters (speed, orifice diameter, load, etc.)
for skin-based injections or deeper subcutaneous or intramuscular in-
jections is crucial for needle-free injectors in order to improve injection
efficiency (correct delivery to the target tissue) and ultimately health
outcomes. Our limited study herein indeed shows that both the shape of
the nozzle (ampule) tip and the load with which it is pressed onto the
skin can have a significant effect. We postulate that our findings here can
be replicated in other needle-free injectors using different actuation
mechanisms. For intradermal injections, our results indicate that a wider
tip with approximately 1 kg of load can improve consistency and pro-
mote superior dispersion characteristics, which may be beneficial for EP-
assisted injections into skin.
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