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A B S T R A C T

This paper presents results from an ex-vivo study of intradermal jet injections, which is an attractive method to
achieve both needle-free and fractional dose delivery of vaccines. Due to the fact that fluid properties of many
novel therapeutics and vaccines can vary significantly, a key parameter for our study is the fluid viscosity, whilst
the main focus is on determining the best correlation between the delivered volume and geometrical dimensions
of the fluid deposit. For this we use a combination of top-view (skin wheal), underside (below the dermis), and
cross-section (true skin bleb) perspectives and find that the top-view alone, as done in clinical practice, is in-
sufficient to estimate the volume deposited in the dermis. Overall, the best correlation is found between the
injection volume and cross-sectional diameter, however there is significant variation amongst the different
fluids. For mean injection volumes of 60 μL the mean bleb diameter is ≈8 mm, with mean aspect ratio

=h d/ 0.38, indicating the blebs are mostly oblate. However, the shape varies with viscosity and the higher
viscosity does not spread laterally to the same degree as lower viscosity fluids. In addition, our high-speed video
observations of the injection process, reveal some interesting dynamics of the jet injection method, and we
modeled the bleb growth with an exponential saturation.

1. Introduction

Innovative DNA-based vaccines are currently under development
[1–6] and aim to revolutionize the fight against diseases such as cancer,
HIV, Ebola and Zika. These vaccines target antigen-presenting cells
found in the dermis and epidermis, and therefore must be delivered into
the intradermal (ID) region of the skin, which is known to promote a
significantly enhanced immune response [7,8]. ID injection of low-
viscosity vaccine by standard hypodermic needle and syringe (HNS) is
typically achieved with the ‘Mantoux’ technique, which requires a
highly skilled practitioner to insert a needle at a low angle relative to
the skin. A successful injection into the ID region of the skin is typically
characterized by a skin ‘wheal’, i.e. a raised circular area which has a
blanched appearance [9,10]. In particular, a volume of 0.1mL deliv-
ered into the ID region is expected to leave a skin wheal of approxi-
mately 6–10mm10. However, based purely on this type of subjective
visual inspection, one cannot estimate the amount of vaccine that was
actually delivered into the correct region of the skin.

Furthermore, Mantoux injections (ID delivery with HNS) present

significant drawbacks [11]; Firstly, the skin layers can be very thin,
resulting in the potential of puncturing into the subcutaneous tissue,
which may reduce the effective immune response of specific DNA-based
vaccines [12–15]. Secondly, some of the vaccines developed for ID
delivery are high-viscosity (μ≤ 200 cP), so that use of a small diameter
needle would create a large pressure drop along the needle (ΔP∝ μLQ/
d2), therefore a substantial and sustained force is needed to dispense the
drug from a syringe, making it difficult to hold a HNS in a fixed posi-
tion. This was exemplified by a recent study [16] in which health-care
workers overwhelmingly favored needle-free devices for ID delivery
over HNS. Thus a needle-free approach for ID delivery should be pur-
sued. Such an approach would also alleviate anxiety associated with
HNS delivery [17–19], needle-stick injury treatment [20–22], and
sharps waste in resource-limited environments [23–27].

High-velocity jet injection has a long history in both sub-cutaneous
and intramuscular delivery [17,28]. The basic premise is that a high
upstream pressure, created using either a spring or compressed gas
mechanism, forces a jet at high-speed, Vjet∼O(100m/s), from a narrow
orifice, D0∼O(100 μm). Studies with both commercial and custom

https://doi.org/10.1016/j.jconrel.2019.06.032
Received 18 February 2019; Received in revised form 14 May 2019

⁎ Corresponding author.
E-mail address: jeremy.marston@ttu.edu (J.O. Marston).

Journal of Controlled Release 307 (2019) 200–210

Available online 26 June 2019
0168-3659/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2019.06.032
https://doi.org/10.1016/j.jconrel.2019.06.032
mailto:jeremy.marston@ttu.edu
https://doi.org/10.1016/j.jconrel.2019.06.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2019.06.032&domain=pdf


devices in the literature [29–49] have comprised a combination of in-
vitro [29–37], ex-vivo [38–44], and in-vivo [45–48] and primarily
considered large doses (O(mL)) for SC and IM delivery, although some
doses down to the nano-liter range have also been reported [49–51].
However, jet injection now also holds promise for intradermal delivery,
as documented in clinical trials [16,52–55], and may overcome the
drawbacks associated with Mantoux injection since the administrator
subjectivity is removed as well as the possibility of delivering higher
viscosity fluids. Yet it is still unclear whether jet injection can be tuned
to exclusively deliver to the ID region.

To further advance jet injection for intradermal delivery, however,
we must first understand mechanisms at play in the delivery stage and
dispersion of the fluid within the dermal and, potentially, subcutaneous
tissues. For intradermal delivery, the configuration of the injection can
dramatically impact the efficacy of the delivery [28–43] and para-
meters such as stand-off (i.e. distance between the orifice and skin),
skin tension and fluid properties play a key role, which will be dis-
cussed in detail in a separate publication. However, the specific aim of
the present work is to provide a quantitative characterization of the
bleb formation and elucidate the subtle differences between fluid
viscosities. We therefore seek correlations between the delivered vo-
lume (measured by mass differential) and characteristic measurements
of the injection site such as skin wheal diameter (above the skin), true
bleb diameter (below the skin), and overall dispersion patterns (cross-
sections). Based upon our analysis of over 700 injections, we propose
that a visual inspection of the skin, as done for Mantoux injections, is
insufficient to fully characterize intradermal injection.

2. Materials and methods

2.1. Injection device

The jet injector used in this study was the Bioject ID Pen, which is a
streamline device originally designed for intradermal injection pur-
poses. The device, shown in Fig. 1(a), comprises a spring housed in an
upper chamber which is cocked by manually extending the arm on the
outside of the chamber. A cartridge, shown in Fig. 1(b), pre-loaded with
fluid is then inserted into the front end of the deivce and locked in place
by rotation. The injection is then triggered manually by pressing on an
external trigger ring, whereupon the spring is released and a piston hits

the rear end of the plunger. After the injection, the used cartridge is
released from position by pulling on a release ring.

The total volume expelled from the orifice during injection is
Vex=100 μL (0.1 mL), whilst the volume delivered into the skin, V,
could be lower due to fluid rejection. The injection efficiency could
therefore be stated as E=100× Vex/V. The upper cartridge inner
diameter where the plunger travels is Dp=4.57 mm, whilst the orifice
diameter from where the jet exits is Dj=157 ± 5 μm.

In clinical practice, an additional spacer attachement, featured in
Fig. 1(b), can be fitted to the end of the cartridge. This serves to im-
plement a stand-off distance, S, between the orifice and the skin. For
our study, however, we varied the stand-off by removing the spacer ring
and clamping the injector to an optical rail which could be moved
vertically up and down, as shown in Fig. 2.

2.2. Fluid properties

For this study, water-glycerin mixtures with glycerin (LabChem Inc.,
Zelienople, PA, USA) concentrations of 0, 50, and 80%w/w were used to
vary the fluid dynamic viscosity, which was determined using a stress-
controlled protocol on a DHR3 rheometer (TA Instruments, New Castle,
DE, USA) with a 40mm, 0.017 rad cone-and-plate geometry. Multiple
measurements for each fluid were performed at a constant temperature
of 20 oC. The summary of fluids used and corresponding densities and
viscosities are shown in Table 1. The fluid was dyed with Trypan blue
dye (Sigma-Aldrich, concentration of 1mg/mL) to aid image contrast
and identify the injection region, but this did not have any noticeable
effect on either density or viscosity. For each fluid, the average jet
velocity at the orifice, Vj, was calculated from plunger displacement and
mass conservation, and the corresponding jet power [41] is given by
=P ρD Vj

π
j j8
2 3. Both of these parameters are stated in Table 1.

2.3. Imaging

In order to obtain detailed jet dynamics and bleb growth, we em-
ployed high-speed video cameras (Phantom V1611, V711 and Miro
M310) from Vision Research Ltd. (Wayne, NJ, USA). For most cases, a
single side-view perspective was sufficient for the purposes of mea-
suring total injection time and a qualitative overview. The cameras
were operated at frame rates up to 100,000 fps, but typical video

Fig. 1. Photographs of (a) the ID Pen device and (b) standard cartridge for ejecting a volume of 0.1mL. The white spacer attachment at the end of the cartridge
featured in (b) is optional to create a stand-off distance of approximately 14mm.
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sequences were captured at 57,000 fps. The temporal resolution is
therefore± 17.5 μs. In addition, using Nikon micro-nikkor 60mm
lenses with extension tubes, we achieved effective pixel sizes of be-
tween 16 and 50 μm/px. Post-injection, the skin samples were photo-
graphed with a Nikon D90 camera from the top, underside, and cross-
sectional perspectives.

2.4. Ex-vivo injections

For this ex-vivo study, we used excised guinea pig skin taken from
both the abdomen and flank regions of female Hartley guinea pigs from
20 to 52weeks of age. The skin patches were approximately 8–10 cm
long, 4–6 cm wide and had a thickness of 3–5mm. Depending on the
exact size of the skin sample, between 5 and 15 injections could be
performed on a single sample. The skin was shaved prior to excision,
but hair follicles remained for all samples. Guinea pig is a clinically
relevant model, with similar characteristics in terms of strength
thresholds at puncture to both human and porcine skin [56–59].

To ensure the skin surface was orthogonal to the jet, the skin sample
was placed on a flat substrate and then positioned in the imaging setup
(underneath the jet injector) shown in Fig. 2. The entire platform
holding the skin could be moved vertically up or down using micro-
meter adjustment to achieve the desired stand-off distance, S, defined as
the distance between the orifice and the upper skin surface. In this
study, S was varied from 0 up to 16mm.

In addition to different fluids and stand-off distances, the substrate
beneath the skin sample was varied between a rigid glass plate, and a
5%w/w gelatin block, in order to assess the influence of the underlying
tissue. Gelatin powder was purhcased from Sigma-Aldrich. The choice
of a 5%w/w gelatin substrate was dictated by previous reports suggesting
this approximately simulates soft tissue in humans [50,51]. The com-
pliance of gelatin did lead to deformation under the force of the jet,
which may change the angle of the skin relative to the incoming jet,
however, over our range, we did not observe any statistical difference
between the rigid (glass) backing and soft (gelatin) substrate in terms of
volume delivered and bleb dimensions.

The skin mass was recorded prior to and after each injection (ac-
curacy±0.1mg) to deduce the mass, and thus volume of fluid injected
in each trial. This was also verified by calculating the undelivered vo-
lume of fluid lost due to pooling (fluid remaining on top of the skin). We
could therefore correlate the measured diameters and heights, as im-
aged from different perspectives (top, cross-section, underside) with the
actual injected volume. In total, over 1000 injections were performed,
of which 726 were used in the correlations. For clarity, we hereafter
refer to raised skin at the injection site viewed from above (or side) as
the ‘wheal’, whilst the fluid volume deposited within the dermal tissue
is referred to as the ‘bleb’. As such, the formation of a bleb in the dermal

Fig. 2. Experimental setup showing the platform for the skin samples and jet injector configuration.

Table 1
Physical properties of the liquids used in the experiments. The glycerol mixtures
are stated as concentration by volume (%v/v). Jet velocity and power corre-
spond to an orifice diameter of Dj=157 μm.

Liquid Dynamic
viscosity μ (Pa.s)

Density ρ
(kg/m3)

Jet velocity Vj

(m/s)
Jet Power Pj
(W)

DI water 0.001 996 126.7 19.61
50% glycerol 0.0069 1130 119.5 18.66
80% glycerol 0.084 1209 108.8 15.07

Fig. 3. Overview of the bleb formation during ex-vivo jet injection, facilitated
by side-view high-speed videography. The guinea pig skin sample is placed
approximately 14mm below the orifice of the jet injector in this realization and
the injection last 70ms. The scale bar in the first image is 1 cm long and the
video was captured at 14,000 fps.
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Fig. 4. (a) and (b): Front and back views of a guinea
pig skin sample with a total of 14 skin blebs formed
via jet injection of DI water with trypan blue dye.
The stand-off distance was varied from s=8 (top
row) to s=4 mm (middle row) to s≈ 0 mm
(bottom row). The red dashed rectangle in (a) in-
dicates the three blebs shown in the zoomed pho-
tographs in (c)-(e) for top, cross-section, and un-
derside views respectively. The scale bar in (a) is
1 cm long.

Fig. 5. (a) Side-view image sequence from a high-
speed video of jet injection of water into guinea pig
skin at a stand-off of S=8 mm. The final bleb size is
d=14.7 mm and h=3 mm. (b) Annotated top-
view photograph of the skin wheal with ellipses
marking the inner darkened region (black, d≈ 7
mm) and outer total extent (red, d≈ 14.5 mm). (c)
Ensemble data (n=377) showing both diameter
(squares) and height (circles) against injected vo-
lume; Colors indicate different fluids (Blue=water,
Red= 50% glycerin, Green= 80% glycerin); Open
symbols represent glass backing, filled symbols in-
dicate gelatin backing. The solid black lines indicate
the best linear fits (R2= 0.043 in both cases). (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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layers results in a raised skin wheal. After injection, the skin samples
were photographed from above and the underside, then sectioned
medially (across the jet puncture site) with a sharp blade to view the
cross-section.

3. Results and discussion

3.1. Overview of the jet injection process

Fig. 3 presents an overview of a typical ID jet injection process (ex-
vivo) into excised guinea pig skin. The select images taken from a high-
speed video sequence indicate the principal stages of the injection as
follows: (i) Initial configuration prior to triggering device. (ii) Jet for-
mation. (iii) Jet impact on skin and splashing. (iv) Jet penetration into
dermis. (v) Fluid accumulation in the ID region and formation of a skin
bleb. (vi) Jet deceleration and end of injection. (vii) Jet break-up and
final bleb state. The total jetting time depends upon the fluid viscosity,
but typically lasts between 30 and 80ms. During the jet ‘start-up’ phase
(t ≲1 ms) the impulsive action of the spring-piston causes a rapid
pressure rise in the liquid inside the cartridge and a very high velocity
jet, (O(300)m/s), impacts and punctures the skin. After this, the plunger
achieves a linear motion, which is considered the ‘steady-stream’ phase,
with a velocity of Vj∼O(100) m/s and a flow rate, Q∼ 2×10−6 m3/s
(120mL/min). The impact of the jet exerts a pressure, p∼ ρVj

2, on the

skin across an area assumed to be roughly equal to that of the orifice,
A≈ πDj

2/4, yielding impact forces of F= pA∼O(10−1)N.
In addition to side-view videos, the skin samples are photographed

to render both top-view perspectives, akin to a visual inspection of the
skin wheal, underside and cross-sectional views, as exemplified in
Fig. 4; here we present full-width photographs (a and b) of the top and
underside of a guinea pig skin sample, and close-up photographs (c-e)
of the top, cross-section, and underside views, respectively. From each
of these perspectives, we measure the diameter, however the cross-
sections also provide the true total depth of the bleb relative to the top
of the skin.

3.2. Top-view measurements of the skin wheal

As stated earlier, clinical practice relies upon visual confirmation of
the presence of a skin wheal, viewed from above. In our experiments,
the wheal is clearly observed in both the high-speed video (side-view)
and the top-view photographs following the injection, as evidenced in
Fig. 5. In this particular realization, the injection of water occurs from a
stand-off of 8mm and results in a wheal diameter, d≈ 14.7 mm, and
height, h≈ 3 mm. The image sequence in 5(a) shows the temporal
evolution, whilst the photograph in 5(b) shows the final state next to a
millimetric scale. The total extent of the skin wheal measured from the
top-view (d≈ 14.5 mm) corresponds to the side-view from the high-

Fig. 6. Image analysis protocol on an isolated bleb from a photograph of the underside of the skin: (a) Original color image (scale bar 5mm); (b) Red channel only; (c)
binarized based upon red-channel filter; (d) circular equivalent diameter (9.5 mm) marked on the original image; (e) Color intensities along a single pixel line
indicated by the dashed line in image (a). The ensemble data for the bleb diameters measured using this method is shown in (f), with the best linear fit shown by the
solid black line (R2= 0.31). (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. 7. (a) Cross-sections of water and 80% glycerol blebs in
the same skin sample from a stand-off distance of 4 mm, with
corresponding injection volumes of 0.069 and 0.047mL. The
scale bar is 5mm long (b) Cross-sections showing the primary
fluid accumulation site, i.e. true blebs as indicated by dark
blue regions, and post-injection diffusion into subcutaneous
tissue (below the red dashed line) as indicated by faint blue
regions. The red dashed line represents the demarcation be-
tween the dermis and subcutis. (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Schematic representation of fluid flow patterns (black arrows) in both needle-based (a) and jet-based (b) intradermal injections.

Fig. 9. Ensemble data of (a) bleb diameters, and (b) bleb heights versus injected volume for different fluid viscosities: water (μ=1), 50% glycerol (μ=6.9), and 80%
glycerol (μ=84). The ellipses correspond to 95% confidence ellipses. Total number of data points for water, 50% glycerol, and 80% glycerol were n=446, 143, and
137, respectively. The solid black lines represents the best linear fits to the ensemble data with correlation coefficients of r2= 0.48 (RMSE=1.14, MNE=11.9%)
and r2= 0.16 (RMSE=0.72, MNE=22.3%).
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speed video, indicating that within the time-frame of the experiment,
diffusion into the skin is negligible. However, we also observe that there
is a concentrated inner region (d≈ 7 mm, marked by the black ellipse),
which is an indication of an elliptical- or dome-shaped dispersion pat-
tern under the skin.

By extracting the skin wheal dimensions across the entire data set
where side-view and top-view measurements were made, we can assess
whether any true quantitative trends exist. Fig. 5(c) plots this data for
both the diameter and height of the skin wheal against injected volume.
Here, we have shown data for all three fluids and both substrate types
(glass with open symbols and gelatin with filled symbols). We observe
that despite achieving a range of injection volumes from approximately
20–90 μL, there is a broad range of skin wheal diameters and heights
that could result from any given volume. For example, with V≈ 60 μL,
the apparent skin wheal diameter could range from 8mm up to nearly
16mm. As such, there is no statistical signifiance between the sub-
strates and there is no correlation between the skin wheal dimensions
and injected volume (R2= 0.043).

In summary, a raised skin wheal, as per a simple visual inspection, is
indicative of a fluid deposit in the dermal tissues but, given the lack of
correlation observed herein, the skin wheal alone cannot be used to
determine quantitative information of the precise volume deposited
into the ID region.

3.3. Underside-view of the skin bleb

Specific to the underside view, as shown in Fig. 4 (b) and (e), this
view requires color-based image analysis due to the diffuse nature of

the edges, exemplified by Fig. 6, for the same bleb shown in Fig. 5. In
brief, we crop a region of interest around the bleb (image (a)) and filter
just the red channel (image (b)). The rationale for this is that the red
channel shows the greatest variation because in the digital images red is
suppressed in the regions where the blue dye is most concentrated - this
is shown graphically in 6(e), which presents the red, blue and green
intensisties along a line-scan (indicated by the black dashed line in
image (a)). We find that the edge of the bleb can be well-approximated
by thresholding when the red channel intensities fall below the mean
red intensity across the whole image (red dashed line in (e)). Using this
filter, the image is then binarized and the centroid and circular
equivalent can be easily deduced (see image (c)). The circular outline of
the bleb is then overlayed on the original raw image (image (d)), which
provides a good visual match. This procedure results in an underside
diameter of 9.5 mm, which is clearly smaller than the diameter of the
top-view measurement (d=14.7 mm) of the skin wheal, again in-
dicating some kind of elliptical pattern. Compiling the ensemble data
across both substrates and fluids, we present the diameter as a function
of injected volume in Fig. 6(f). This plot does indicates a positive cor-
relation, however, we again find that the correlation is weak with
R2= 0.31. This further reinforces the need to assess the full dispersion
pattern, which can only be garnered through the cross-sectional per-
spective. As such, we proceed for the remainder of the analysis with the
cross-sectional measurements of the bleb.

3.4. Cross-section measurements

For cross-section measurements, the skin samples are sectioned

Fig. 10. Catalog of bleb shapes observed, classified by their approximate shapes as ellipsoid (a,b), dome (c,d), and cylinder (e,f). All blebs shown were formed from
50% glycerol with standoffs of 8mm (a,b) and 14mm (c,d,e,f). The digitized outlines are shown in (g) along with the aspect ratios, h/d. The scale bar in (a) is 5mm
long and applies to all images.
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medially and photographed. We then take the maximum diameter of
the bleb, d, along with the depth of the bleb, h, as shown in Fig. 7(a).
Interestingly, these cross-section images reveal that the maximum lat-
eral spread largely coincides with the boundary between the dermis and
subcutis (see Figs. 7 a & b); We hypothesize that this is because the jets
penetrate down to this boundary and spread laterally, shown schema-
tically in Fig. 8. As such, the fluid from the jet stream must disperse
both radially (outward) and vertically (upward) from the site of deepest
penetration, which represents a fundamental difference from needle-
based (Mantoux) injections, whereby the inejction depth is set by the
needle and bevel orientation. For the majority of cases we found the
lowermost extent of the bleb to be readily ascertained, such as Fig. 7(a),
which appeared to coincide with the boundary of tissue layers (dis-
tinguished by change in color). However, in some cases, the lowermost
extent was not so easily determined, due to fluid diffusion into the
subcutis post-injection (see Fig. 7b). In such cases, depth of the bleb is
defined as the distance from the top of the skin down to the lowest part
of the dark blue region.

In contrast to the top and underside views, the measurements from

medial-sectioning (i.e. cross-sections) of the bleb diameters do provide
a favorable positive correlation, as shown by the ensemble data
(n=726) in Fig. 9(a), and is consistent across all fluid viscosities. In
this plot, we show all the individual data points along with the 95%
confidence ellipses for each fluid. For a guide to the overall trend, the
best linear fit encompassing all data is shown by the solid black line
(r2= 0.48). From a quick visual inspection of the data, it is im-
mediately obvious that all fluids follow a similar correlation, however,
some subtle differences are also apparent; First, we note that increasing
the viscosity from 1 to 6.9mPa.s results in approximately the same
mean injection volume and bleb diameter ( ≈V 60μL, ≈d 8 mm), but
also leads to a more consistent injection - this is clear by examining the
magnitude of the confidence ellipses for these respective fluids. Second,
we observe that increasing the viscosity to 84mPa.s leads to a quali-
tative difference - a reduced mean injection volume, but also a more
consistent injection, i.e. less scatter in terms of bleb diameter, which
can be verified by observing that the ellipse minor axis is significantly
smaller.

With regards to depth of the injection, the maximum penetration
depth for such ex-vivo experiments is limited by the thickness of the
skin sample. However, we found that the majority of injections only
penetrated down to the boundary of the dermis and subcutaneous
tissue; This means that, as sketched in Fig. 8, the bleb fills both laterally
and vertically upward from this depth. The bleb height, however, dis-
plays more scatter than the diameter, as evidenced by the data in
Fig. 9(b). Here, we observe that the correlation is much weaker than for
the diameter (r2= 0.16), and specific to the highest viscosity, there is a
much broader confidence ellipse, meaning a signifcantly broader range
of heights. We emphasize that the measured dimensions in Fig. 9 should
not used to infer volume delivered - this comes directly from mea-
surement of the rejected fluid. Rather, the purpose here is to find a
correlation and range of most likely values of height and diameter for a
known volume, the effect of diffusion notwithstanding. This is im-
portant to help guide design of electroporation modules, where electric
field coverage is a key consideration.

Overall, the data indicates that the best correlation is provided by
the cross-sectional bleb views, and that the top-view perspective of the
skin wheal alone does is insufficient to characterize the injection.
Whilst the ensemble data (spanning 726 injections) presented in Fig. 9
provides a general overview as to the effect of viscosity on injection
efficiency and bleb diameter and height, it does not provide details into
the shape of the blebs (e.g. elliptical, conical, aspect ratios). As such, it
is instructive to look more closely at the influence of viscosity on bleb
shapes.

With regards to injection efficiency and delivered volume, Fig. 9
indicates that there may exist optimal volumes in order to maximize the
efficiency (i.e. minimize fluid rejection form the skin). For water and
50% glycerol, this value is Vex≈ 60− 70 μL, whilst for 80% glycerol,
the corresponding value is Vex≈ 40 μL.

3.5. Bleb shape

In terms of shape, visual inspection indicates that all the blebs are
oblate, i.e. the diameter exceeds the depth, as seen in Figs. 4 and 7. In
addition to this, we can also observe a variation in the shape, which
loosely fall into three catergories - ellipsoid, dome, and cylinder. These
are depicted by the cross-section photographs in Fig. 10, where the
images were specifically chosen to exemplify the variation within each
of the three catergories. Below each pair of images is the digitally ex-
tracted outline (from color image thresholding) along with the height-
to-diameter aspect ratio, h/d. Whilst this aspect ratio does not qualify
the overall shape, it does provide a single quantifier of the horizontal
vs. vertical spread of the fluid. As such, by examining the aspect ratio,
h/d, across the full spectrum of data, we can discern the effect of
viscosity on shape.

With this in mind, Fig. 11(a) presents photographs of both water

Fig. 11. (a) Cross-section images of adjacent skin blebs for water and 80%
glycerol in the same skin sample, annotated with aspect ratios (h/d). The stand-
off is indicated to the left of the images and the scale bar in the top image is
5 mm long. (b) Ensemble comparison of bleb aspect ratios versus injected vo-
lume for the same data as Fig. 9: water (μ=1), 50% glycerol (μ=6.9), and
80% glycerol (μ=84). The ellipses correspond to 95% confidence ellipses,
whilst the black dashed line represents the best linear fit across all data sets.
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and 80% glycerol for different standoffs, where each adjacent pair was
injected into the same skin patch. Whilst standoff distance between 2
and 8mm does not have a significant effect over this range of viscosity,
the consistent observation is that water spreads further horizontally and
forms more oblate shapes. The full quantitative evaluation of bleb
shapes is summarized in Fig. 11(b), which plots the aspect ratio versus
volume for the same data range as Fig. 9. Again, for a single quanti-
tative statistical measure, we plot the 95% confidence ellipses for each
fluid, which indicates that both water and 50% glycerol blebs are the
most oblate with mean aspects ratios of approximately 0.4, ( ≈h d/ 0.38)
around an injection volume of 60 μL, whilst 80% glycerol has a mean
aspect ratio of 0.42 around 35 μL but with more significant variation
(noted by the almost circular confidence ellipse). From this, we infer

that the lower viscosity fluids spread laterally to form more elongated
dome-shaped or elliptical-shaped blebs than higher viscosity fluids. For
the 80% glycerol, whilst the blebs are still oblate, they do not spread
laterally to the same degree as the low-viscosity fluids. This could be a
confluence of both different filling patterns during the timescale of
injection, and post-injection diffusion which would be more significant
for low viscosity fluids This could have important implications for the
design of post-injection trafficking devices, such as electroporation
modules [12–14], which are designed to apply electrical current
throughout the bleb volume, to maximize the total number of trans-
fected cells.

Fig. 12. High-speed video sequences for injection of (a) water, (b) 50% glycerol, and (c) 80% glycerol, all with S=8 mm. (d)-(f): Corresponding temporal growth
(diameter and height), averaged over five trials. The solid lines in each plot represent the best fit using an exponential saturation model, d(t)= dmax(1− e−kt), whilst
the vertical dashed lines correspond to the approximate end of the jet.
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3.6. Injection dynamics

As a final observation from the high-speed video sequences, we
assess the temporal growth rate of the skin wheal across the timescale
of the injection. Figs. 12(a)-(c) present example sequences for the three
fluids from which these measurements are extracted. In each sequence,
the stand-off was S=8 mm, and the final diameter and height are
shown in the last image. As we can see from the images, there is some
initial fluid loss due to splashing and fluid rejection in the latter stages,
however, we also see a qualitative similarity in the evolution, in that
the wheals grow rapidly in the early stage, and more slowly toward the
end of the injection. This is more easily seen in the data plots in 12(d)-
(f), which plot the diameter and height versus time, averaged over five
trials, where each trial resulted in an injection volume V≈ 40 μL.

Despite the differences in final size of the skin wheals, the growth
dynamics are qualitatively similar in that there is an initial rapid in-
crease in diameter and height for t≲ 20 ms, followed by a slower ap-
proach to the maximum for t≳ 20 ms. From a purely heuristic stand-
point, this type of growth can be modeled with an exponential
saturation function, d(t)= dmax(1− e−kt), where dmax is the final
(maximum) diameter and k is rate constant. The best fits to the data
using this function, for both diameter and height, are shown in each
plot by the solid lines. The vertical dashed lines mark the approximate
end of the jetting, at which point the skin wheal growth stops, and
largely coincide with the saturation point of the curves. From these data
sets, we note that the diameter appears inversely correlated with visc-
osity, whilst the height increases with viscosity, which is consistent
with the quantitative trends seen in Fig. 11.

This non-linear evolution indicates that the intrusion of fluid into
the intradermal tissue occurs in a complex fashion, which is determined
by an intricate interplay between the incoming flow rate, fluid visc-
osity, and the counter-pressure build-up due to the elastic response
within the tissue. Previous reports of intradermal and subcutaneous
injections found that the counter-pressure can be as high as 500 kPa
[9,60], which means that there could be significant resistance as the
incoming jet stream spreads laterally within the skin. As the fluid
viscosity increases, the jet flow rate decreases accordingly (see Table 1),
which could further limit the bleb growth in the latter stages. We
postulate that this could be the cause of the fluid rejection observed in
the videos.

4. Conclusions

In summary, we have conducted a study of intradermal jet injection
into ex-vivo guinea pig skin with the principal aim of elucidating the
effect of viscosity on dispersion patterns, and metrics to quantify the
shapes of the blebs formed. The nozzle orifice diameter used was 157
μm and, with fluid viscosities from 1 to 84mPa.s, the resulting jet ve-
locities ranged from 109 to 127m/s, which was sufficient to penetrate
the skin.

Our quantitative data analysis showed that there was no correlation
between the dimensions of the skin wheal (viewed from above the skin)
and the injected volume, and only a weak correlation between the
diameter measured from below the dermis and injection volume. In
contrast, medial sectioning revealed a moderate-strength postitive
correlation between the cross-sectional diameter of the bleb and the
injected volume. This indicates that a top-view visual inspection, cur-
rently used in the clinic [10,16] to evaluate the success of intradermal
delivery, is insufficient to fully characterize the injection.

The injection dynamics were quantified by assessing the temporal
bleb growth, and it was found from a heuristic standpoint, that the bleb
growth could be described with an exponential saturation. This func-
tional form captures the qualitative observation of fluid rejection in the
high-speed video, and suggests that the counter-pressure build-up in the
dermal tissue can be sufficient to overcome the fluid flow from the jet in
the latter stages of injection.

A key finding in our study is that viscosity plays a dominant role in
determining the injected volume and dispersion pattern, the fluid ve-
locity notwithstanding. This presents a challenge going forward for
intradermal delivery of vaccines that may be more viscous than water
with regards to how to increase injection efficiency. Furthermore, the
higher-viscosity fluids tend to spread less laterally, forming a more
cylindrical-shaped bleb, whereas low-viscosity fluids have a higher
degree of lateral dispersion. This highlights the need for a deeper un-
derstanding of the fluid dynamics at play in both jet creation (i.e. up-
stream of the orifice), jet impact, and fluid-structure interaction within
the dermal layers. These aspects will be addressed in detail in forth-
coming publications. In addition, a recent study highlighted the influ-
ence of jet shape on injection patterns [61], thus extending this study to
ID delivery will also be of interest. Lastly, future efforts could also
address the effect of freeze-thawing on the fluid dispersion measure-
ments.
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