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Abstract

To assess the feasibility of immunizing mice against hepatitis B surface antigen

(HBsAg), alum-adsorbed HBsAg was administered intradermally by jet injection or
intradermally and subcutaneously using a 27G needle and syringe to mice. Three doses of
antigen were delivered at 0, 14, and 28 days. Antibodies to HBsAg were detected only in
mice injected with alum-absorbed HBsAg with antibody levels increasing with secondary
injections. Mice vaccinated by intradermal injection using the jet injector or subcutaneous
needle injection exhibited comparable immune responses at day 47. Differences in titer
observed between intradermal jet injected and needle injected animals reflect differences
in the volume of antigen delivered. With the exception of minor bleeding at the injection
site in a few animals injected either by jet injection or needle, no adverse events were
observed in any of the mice used in the study.
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Graphical abstract: Intradermal injection of antigen using a controllable jet injector
elicits an immune response comparable to that induced by needle and syringe.
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Introduction



Disease prevention is key to public health. Vaccines are routinely administered to
induce immunologically-mediated resistance to a disease with many being administered
intramuscularly (IM). However, given the role of Langerhans cells (LCs) and dendritic
cells (DCs) in the initiation and regulation of the immune response to infectious
pathogens [1], immunization strategies that target these cells may lead to more effective
therapies [2][3][4][5].

There are several physical methods by which vaccines can be delivered to the skin,
the most common method being the Mantoux technique [5][6][7]. Difficulties associated
with reliable delivery using this method spurred the development of alternative
technologies. Needle-free technologies capable of intradermal delivery include jet
injection devices, microneedle arrays, and hollow needles to deliver solid or liquid
vaccine formulations (For reviews, see [6][8][9][10]). Delivery of solid vaccines often
requires formulation and processing technologies to create tiny rods or spray-dried
powders, to coat particles or microneedles with solid drug, or to encapsulate the vaccine
in biodegradable microneedles [9]. Stabilization techniques for individual vaccines often
require customization with variable results [11].

Liquid jet injectors, on the other hand, typically require no re-formulation of the
vaccine and have demonstrated efficacy in the delivery of a variety of inactivated, live-
attenuated, recombinant subunit, and DNA vaccines [6][8]. Immune responses reported
following vaccination using jet injectors are comparable (examples include [12][13][14]
or, in some cases, enhanced [15][16][17] when compared to those elicited by
conventional needles and syringes. Intradermal delivery of vaccines using jet injectors
can result in dose sparing with some vaccines [18][19] and jet injection has been shown
to be extremely effective in prime boost immunization regimens [20][21].

While intradermal delivery of vaccines has been demonstrated using spring-actuated
devices, either designed specifically for the task [22][23][24] or coupled with an
intradermal (ID) spacer [22][25], these devices afford no control over the pressure
applied to the drug during delivery; the pressure-time profile is fixed. As such, species
specific and gender-related differences in skin thickness and mechanical properties may
limit their usefulness. More recent devices have used actuation mechanisms (e.g.
piezoelectric actuators, voice coil actuators) that permit active control over the pressure
applied to the drug during the injection thereby permitting improved control over both
penetration depth and injection volume [26][27].

The linear Lorentz-force (voice coil) actuated jet injection system used in this study
permits real time feedback control during the injection; the speed of the jet can be
monitored and modulated continuously and the volume of fluid delivered regulated
precisely. Varying the current input to the coil varies the force and pressure exerted on
the drug, and permits us to tailor the velocity vs. time profile used for the injection. Such
injection “trajectories” generally comprise two phases; the first phase defines both the
initial jet velocity (vjer) and the time (tjet) for which this velocity need be sustained in
order to puncture the tissue to a desired depth, while the second phase of delivery is
characterized by a lower velocity (Violiow OF Vi), Which is sustained for the time (trolow)
required to deliver the remaining drug volume [27].

This study discusses intradermal delivery of recombinant Hepatitis B surface antigen
(HBsAg) to mice using a linear Lorentz-force (voice coil) actuated jet injector (JI) and
compares the resultant immune response with that observed when the antigen is delivered



using a 27G needle and syringe (27G NS). Hepatitis B vaccine (HBV), the first vaccine
produced by gene technology, provides protection against HBV, which is estimated by
the WHO to result in 1 million deaths each year from HBV-associated liver cirrhosis or
hepatocellular carcinoma (HCC)[28][29]. A device that provides an easier, potentially
more reliable means of intradermal delivery of HBV could benefit persons exhibiting an
impaired or absent response to intramuscular vaccination (e.g. due to Celiac or chronic
kidney disease)[30][31] and more broadly vaccination programs where dose-sparing
could prove critical to coverage (e.g. influenza, yellow fever, inactivated polio, or rabies
vaccines)[3].

Materials and Methods

All experimental procedures were approved by the IUCAC at MIT and were
conducted in accordance with the NIH Guide for the Use and Care of Laboratory
Animals.

Injection device

Jet injections were performed using a commercially available ampoule (Injex30, Injex
Equidyne) with a 300 pL capacity and mean nozzle diameter of 165 um. The ampoule
was attached to the front plate of a custom designed JI as described in [27]. The high-
power actuator together with a real-time controller, power supply, and user interface
permitted us to generate variable velocity injection trajectories and realize delivery of
specific drug volumes at defined velocities to the specified target. Control over the
volume and speed of drug delivered is accomplished via a position sensor and a closed
loop position control algorithm informed by a feed-forward model of the system [27].

Determining injection parameters

Trajectories (i.e. velocity-time relations) providing the desired penetration and
dispersion profiles in ex vivo tissue were required prior to in vivo delivery. Hemond et al.
[32] had demonstrated that delivery of fluid to the skin and underlying tissue can be
realized using a two phase injection trajectory and [27] showed that varying Vjet and tet
influenced the depth of penetration of the jet while vsow affected primarily the dispersion
of fluid in the tissue. More recently, vriow has been shown to influence penetration depth
in addition to dispersion [33].

To date, the jet-injections reported using this approach have been for volumes ranging
between 50 pL and 300 pL. Delivery to the upper dermal layer in mice required that a
small volume of antigen (20 pL) be delivered to a depth of <1.0 mm. Because such a
low-volume injection was completed in <25 ms, the need for a second phase of injection
was obviated. Optimization involved varying only those parameters associated with a
single phase of the trajectory, vjet, and the rates of coil acceleration and deceleration, with
the latter defined by the cut-off frequencies of two first order low pass filters applied to
the acceleration and deceleration phases of the injection (Figure 1).
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Figure 1: Typical coil trajectory for an injection of 20 pL of fluid. The maximum slope is proportional to

Vjet Which in this case is 100 m/s. This trajectory is filtered with 75 Hz and 50 Hz acceleration and
deceleration low pass filters respectively.

Ex vivo mouse skin, collected through the MIT Tissue Harvest Program was used to
optimize the parameters required for repeatable intradermal delivery of HBsAg. Tissue
plugs, obtained from ex vivo BALB/c mouse skin using a 12 mm diameter punch, were
seated in a 24 well tissue culture plate containing Whatmann 3MM filter paper discs
soaked in physiological saline. Each was injected with a requested volume of 20 uL of a
1:20 dilution of red tissue marking dye (Polysciences, Inc.) in HEPES-NaCl buffer at
velocities of 30, 60, 80, 100, and 120 m/s. Acceleration and deceleration rates of the coil
were limited by filtering the acceleration and deceleration phases of the trajectory to 75
Hz and 50 Hz, respectively. In a second series of experiments, tissue samples were
injected with 20 pL volumes at a velocity of 100 m/s, while the coil deceleration cut-off
frequency was varied from 50 Hz through 150 Hz in 25 Hz increments, and the coil
acceleration frequency was maintained at 75 Hz.

Post injection tissue plugs were trimmed, medially sectioned through the injection
site, splayed injection plane up, and photographed. Tissue plugs from each experimental
group were either embedded in optimal cutting temperature compound (Tissue-Tek®
O.C.T. Compound, Sakura Finetek®) and 10 pm thick sections collected using a cryostat
microtome (Vibratome) or embedded in paraffin and 5 pum thick sections collected by
microtome. Sections were stained with Mayer’s Hematoxylin (Dako Agilent Pathology
Solutions), coverslipped, imaged using an upright microscope (Eclipse E800, Nikon
Inc.), and photographed with a SLR camera (EOS1-Ds1, Canon Inc.).

Recovery of antigen for determination of antibody binding

Tissue plugs, obtained from ex vivo BALB/c mouse skin injected with HBsAg using
3 mm biopsy punches, were placed in 1 mL to 2 mL of homogenization buffer
[34Ahtikoski2004] and homogenized on ice using ten 5-second pulses of a PT1200C
polytron (Kinematica AG) at maximum power. The homogenates were briefly
centrifuged and each supernatant aliquoted over five 1.5 mL Eppendorf tubes. Total
protein concentration was determined using a detergent compatible colorimetric assay



based on the Lowry method (DC protein assay, Bio-Rad Life Science). Aliquots were
stored at -20 °C until ready for use.

Immunization of animals with HBsAg

Seventeen female BALB/c mice (Charles River Laboratory), ages six- to eight-weeks,
were used to evaluate the induction of an immune response to HBsAg (Meridian Life
Sciences). The mice were littermates and/or closely age matched. All mice were housed
under specific pathogen-free conditions and were acclimated to the animal facility for one
week prior to immunization.

On the day of the experiment, the animals were weighed and anesthetized using 3%
isoflurane in balanced oxygen delivered using a rodent anaesthetic machine (Impac 6).
While anaesthetized, mice were given ear tags for identification, 50 pL - 100 pL of blood
was collected via retro-orbital bleeding (pre-immune serum), and the area to be injected
cleansed using Betadine Scrub followed by 70 % EtOH. Anaesthesia was maintained
during the course of the injections by administration of 2.5 % - 3 % isoflurane in
balanced oxygen using a modified nose cone.

Groups of four mice were immunized at a time with HEPES buffer adsorbed to
aluminum hydroxide gel (Alhydrogel [AlI(OH)3] referred to as alum, Sigma) or alum-
adsorbed HBsAg at a concentration of 0.1 g/L. Adsorption of antigen to alum was
determined by measuring the protein concentration in the supernatant by the Bradford
method [35Bradford1976] after centrifugation at 2000 rpm for 3 minutes. The first group
of four mice were given intradermal (ID) abdominal injections of alum-adsorbed HEPES
buffer using the JI (negative control). A second and third group of four mice were given
intradermal abdominal injections of alum-adsorbed HBsAg using the JI and a 27G NS
respectively. A final group of four mice were injected subcutaneously at the base of the
tail with alum-adsorbed HBsAg using a 27G NS (positive control). A single mouse was
given a subcutaneous (SC) injection of alum-adsorbed HEPES buffer at the base of the
tail. Administration required that the JI be placed against the skin and actuated. Fluid
pressures developed during delivery were ~5 MPa, based on injection depths observed
given preliminary studies using ex vivo tissue.

The mice were immunized at day 0 and then again at day 14 and day 28, with blood
being collected via retro-orbital sinus bleeds immediately prior to each immunization or
boost. Prior to euthanization at day 47, a single mouse was injected with a 1:20 dilution
of filter-sterilized red tissue marking dye using the JI and the site biopsied immediately
post euthanization in order to assess penetration depth by histology.

Animals were euthanized using CO; and blood collected via cardiac puncture. Serum
was isolated and stored in 50 pL aliquots at -20 °C. All sera were assayed by indirect
ELISA for antibodies to HBsAg (HBs antibodies). Mice were monitored tri-weekly post
injection for any signs of pain or distress. Immunization sites were examined for evidence
of lesions such as swelling, abscess or fistula formation, infection, or ulceration
throughout the course of the experiment.

ELISAs to quantify soluble HBsAg and serum antibody levels
Given that Ag coating time and substrate incubation time could each affect the
resultant absorbance these parameters were held constant in all ELISAs. Checkerboard



titration [36Crowthers2001] was used to optimize the coating, secondary, and tertiary
reactant conditions.

Soluble HBsAg alone or alum-adsorbed HBsAg ejected into tubes and total protein
extracts recovered from HBsAgQ- or alum-absorbed HBsAg-injected into ex vivo tissue
were quantified by direct sandwich ELISA. CAPTURE monoclonal antibodies (10 mg/L
CAPTURE mAb, Meridian Life Science) in phosphate buffered saline (BupH™ PBS,
Pierce) were bound to ninety-six-well flat-bottom microtiter plates (Nunc MaxiSorp®,
VWR) at 4 °C overnight. Unbound antibody (Ab) was removed by washing with BupH™
PBS and each well blocked in Starting Block™ T20 (SB, Pierce) for fifteen minutes at
room temperature. After 5 more washes with BupH™ PBS, excess buffer was removed
and 50 uL serial dilutions of 1) reference HBsAg (for standard curve), 2) ejected antigen ,
or 3) total protein extract from antigen- or buffer-injected ex vivo tissue were added to
appropriate wells. Plates were sealed, incubated overnight at 4 °C, washed and blocked as
above after which 50 pL of Hepatitis B antibody conjugated to horseradish peroxidase
(HRP-DETECTION mADb, Meridian Life Science; EZ Link, Pierce) was added to each
well at a final concentration of 50 pg/L or 200 pg/L. Plates were sealed and incubated for
two hours at room temperature. Unbound antibody was removed by washing, the plates
were blocked again, and 50 pL of 3,3’,5,5’-tetramethylbenzidine (TMB, Pierce) was
added to each well. Following a brief (30 s) centrifugation, the plates were incubated for
30 minutes to maximize color detection. The reaction was stopped by adding 50 pL of 2
mol/L sulfuric acid, and the absorbance values read using a Molecular Devices
SpectraMax Plus384 spectrophotometer at 450 nm. A standard curve was generated from
serial diluted HBsAg samples and used to determine antigen concentrations in protein
extracts.

Serum antibody levels were quantified using indirect ELISA which was performed
under similar conditions to those noted above, with the following modifications: HBsAg
was bound to each well of ninety-six well plates; 1:50000, 1:100000, and 1:200000
dilutions of non-conjugated DETECTION mAb were added to appropriate wells to
generate standard curves; 1:100 dilutions of serum in SB were added to the remaining
wells. Plates were washed to remove unbound antibody and a 1:10000 dilution of
secondary antibody conjugated to HRP (GAM-HRP) was added to all wells. Following
incubation and washing, TMB was added to all wells, the reaction stopped and
absorbance read at 450 nm. Anti-HBsAg antibody was affinity purified using aminolink
plus gel spin columns and reagents (ThermoFisher Scientific).

Relative titers were determined by equating the absorbance values (a relative measure
of the amount of antibody bound) of serially diluted serum from mice immunized with
HBsAg to those obtained from serially dilutions of a known concentration of standard
antibody (DETECTION mAb with specificity for HBsAg) according to [37Cooper2000].
Absorbance was determined following incubation with the HRP-conjugated secondary
antibody and addition of TMB as above.

Analysis of variance.

Single factor ANOVA, two factor ANOVA with replication, and Tukey Kramer
analyses were used to assess differences in the treatment and/or mode of delivery. P <
0.05 was considered a statistically significant difference.



Results and Discussion
Effect of injection Parameters on delivery to ex vivo tissue

Prior to injection of antigen into mice, delivery of tissue marking dye or HBsAg
containing tissue marking dye to ex vivo tissue was evaluated in order to optimize the
parameters required for intradermal jet injection. As anticipated
[26][38Baxter2005][39Hemond2011], increasing the jet velocity while maintaining
constant rates of acceleration and deceleration resulted in an increased depth of
penetration up to a maximum of approximately 0.75 mm, which was observed at a vjet Of
100 m/s (Figure 2A). At velocities greater than 80 m/s, more than 75% of the ejected
volume was delivered to the tissue. Substantial variability in injection depth was
observed at and beyond a set velocity of 120 m/s as in many cases the jet penetrated the
tissue, which on average was 2.0 mm + 0.6 mm thick.
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Figure 2: Effect of vje on delivery. A. Plot showing penetration depth, and volume swept and delivered as
a function of vije.. The swept volume is plotted along with the actual volume injected into the tissue wherein
the latter is determined gravimetrically. Each bar with error bars represents the mean and standard
deviation of 10 to 50 injections. B. Plot showing typical acceleration of the coil to requested velocities (Vjet)
of 30, 60, 80, 100 and 120 m/s with a tissue load. Cutoff frequencies of 75 Hz and 50 Hz were used to
control acceleration and deceleration respectively of the injector. A single plot (red line) depicts the
corresponding requested trajectory for delivery of a volume of 20 pL at a vjer of 100 m/s in the absence of a
tissue load.

The overshoot evident in the coil position response shown in Figure 2B is a
consequence of the mass of the coil and piston resonating with the mechanical admittance
of the piston tip, ampoule, and fluid load [40Williams2012][41Williams2015]. The force
required to accelerate the fluid to high jet speeds results in considerable compression of
the piston tip in comparison to the distance traveled. Yet the total volumes ejected by the
injector and delivered to the tissue remained close to the target volume of 20 pL.



Increasing the deceleration cut-off frequency while maintaining constant vjet and
acceleration rate (Figure 3) effectively increased the depth of penetration. While vijet
remained relatively constant (~120 m/s), it was sustained for a longer period, and faster
deceleration rates resulted in greater overshoot and more resonance as the coil and piston
were forced to rebound more quickly and stop more abruptly (Figure 3A). The volume of
drug delivered to the tissue decreased, a consequence of the drug being driven through

the tissue. Thus, acceleration and deceleration cutoff frequencies of 75 Hz proved
optimal, and were used for subsequent experiments.
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Figure 3: Effect of deceleration rate on injection performance. A. Plot of coil position as a function of time
for injections wherein the rate of deceleration was varied using a low pass filter with cutoff frequencies of
50, 75, 100, 125, and 150 Hz; vjee = 100 m/s and a cutoff frequency of 75 Hz was applied to the
acceleration, n =5 repeats at each parameter value. The time required for the response to rise from 10% to
90% of the final value was determined, the velocity calculated (slope*[Aypiston/Anczzie]), and found to be
comparable for all injections. B. Plot showing penetration depth and volume delivered as a function of the
cutoff frequency of the filter used for deceleration. Both the swept volume and volume injected into tissue
as determined gravimetrically are shown. Deceleration frequencies of 100 Hz and above resulted in
complete penetration of the tissue.

Effect of adjuvant on antigen stability

The amount of antigen required to elicit an antibody response in laboratory animals
(i.e. the window of immunogenicity) varies depending on the antigen and species;
tolerance can be induced with too much or too little. As such, antigens are often injected
with an adjuvant thereby permitting the use of smaller quantities of antigen while
assuring a high quality, high quantity, memory-enhanced antibody response
[42Hanly1994]. Aluminium adjuvants are widely used in both human (e.g. Engerix B, a
non-infectious recombinant DNA Hepatitis B vaccine expressed in S. cerevisiae) and
veterinary vaccines (For review, see [43Lindblad2004]). While weaker adjuvants than
emulsion adjuvants, these adjuvants exhibit a mild inflammatory reaction, are safe,
generate memory, and are the only agent approved for use in human vaccines.

Depth (mm)



Mechanisms to explain improved immunogenicity associated with the use of these salts
include a particulate nature and size (<10 pm) that permits phagocytosis, direct
stimulation of the immune system through enhanced Th2 cytokine production, greater
exposure to antigen presenting cells as they are repository in nature, and decreased
thermal stability [43Lindblad2004][44Jones2005][45Guptal998]. Of these mechanisms,
the last two were of particular interest given the delivery mechanisms being compared
and the possibility for further destabilization of a potentially compromised antigen when
exposed to the high pressures used for jet injection.

The effect of adsorption to Alhydrogel on the integrity of the antigen, to the extent
that HBsAg is a conformational antigen [46Cregg1987][47Tollais1985], was evaluated
indirectly by assessing its ability to bind HBs antibodies post ejection. A constant volume
of HBsAg alone or alum-adsorbed HBsAg was ejected into test tubes using the JI and
antigen-antibody binding compared with that observed for antigen ejected using a 27G
NS and the Medi-Jector VISION (M-J VISION), a spring-actuated jet injector. The
exclusion of adjuvant provided a means to evaluate whether inclusion of adjuvant alone
altered binding affinity. As shown in Figure 4, neither adjuvant alone nor ejection in the
presence or absence of adjuvant appeared to alter antigen binding as determined
indirectly by absorbance.
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Figure 4: Effect of ejection and inclusion of adjuvant on the ability of HBsAg to bind HBs antibodies.
HBsAg (0.1 g/L), equilibrated in an equal volume of HEPES buffer or HEPES-equilibrated Al(OH)s buffer,
ejected using the JI, 27G NS, or M-J VISION (a spring-actuated injector) was bound to CAPTURE Ab and
differences in the amount of antigen bound determined using a constant concentration of HRP-conjugated
DETECTION Ab. CAPTURE Ab and DETECTION Ab were used at concentrations of 10 mg/L and

0.2 mg/L respectively. Comparable results (not shown) were obtained using a DETECTION Ab
concentration of 50 pg/L. Plots displaying antigen binding using a two-site enzyme immunoassay. Vol =
20 L, vijer = 100 m/s, acceleration and deceleration of 75 Hz.

Absorbance values obtained for each treatment (no ejection and ejection using one of
the JI, 27G NS, or M-J VISION) (P-value >0.404) and each group (plus or minus
adjuvant) (P-value >0.427) at each of six independent concentrations tested were



comparable (P-value > 0.05) indicating that, within the boundaries of this experiment,
there is no significant difference in antibody binding. Non-specific binding of HBSAg to
non-specific antibody or HRP-conjugated antibody, either GAM-HRP or an unrelated
secondary HRP-antibody, as observed by [480matal1980] was not detected (data not
shown).

Injection of antigen into ex vivo tissue

When delivering fluid using a needle and syringe, the fluid is deposited as a bolus
directly to the desired target tissue. With a jet injector, once the fluid exits the nozzle it
has to penetrate one or more layers of tissue prior to reaching the desired target with
dispersion being dependent on the material properties of the tissue through which the jet
streams. Given the target tissue is the dermis, an anisotropic and inhomogeneous tissue,
the effect of the inclusion of aluminium salt (a colloid suspension with a density of
2.42 glcm?3) on the parameters required to deliver antigen to the dermis was re-assessed,
as was the dispersion pattern of the antigen in the tissue.

Fixed volumes of HBsAg and alum-adsorbed HBsAg were injected into ex vivo tissue
using the JI or a conventional 27G NS. Tissue plugs collected from the site of injection
were either processed individually for histological staining in order to confirm delivery to
the dermal tissue or total protein was extracted from each plug, quantified to ensure that
comparable amounts were loaded into downstream analyses, and relative binding activity
assayed (Figure 5). The invariant pressure profile associated with the M-J VISION,
designed to deliver drug to the subcutaneous layer, consistently propelled drug through
the tissue thereby precluding its further use in these studies.
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Figure 5: Delivery and binding of antigen in total protein extracts from ex vivo tissue injected with 2.0 ug
of HBsAg or alum-adsorbed HBsAg. A. Plot showing binding as determined by absorbance for serial
dilutions of HBsAg-containing tissue homogenates. Total protein extracted from 2 mm tissue plugs from
sites injected using either the JI or a 27G NS was quantified by the Lowry method. A 50 pL volume of



serial dilutions of total protein extract was then loaded into each well of a 96 well plate previously coated
with CAPTURE Ab for detection of binding by sandwich ELISA. B. Representative delivery of a mixture
of dye and antigen + adjuvant to ex vivo tissue. C. 5 um sections of ex vivo tissue injected with dye and
counterstained with Hematoxylin; no injection serves as a control.

Histological analysis showed that HBsAg and alum-adsorbed HBsAg were each
delivered to the dermis using the JI with no obvious difference in dispersion pattern.
Comparable analysis was not done for skin injected using the Mantoux method.

No difference in binding activity was observed for HBsAg and alum-adsorbed HBsAg at
each of five concentrations tested in tissue homogenates collected from Jl-injected sites
alone or 27G NS-injected sites alone (within groups) when indirectly indexed by
absorbance values. However, between groups, a significant difference in the amount of
antibody bound was observed with absorbance values being higher for antigen (HBsAg
or alum-adsorbed HBsAQ) recovered from 27G NS-injected sites (P-value = 6.6E-03 for
100 pg/L and 2.7E-05 for 1000 pg/L). Variation in both the volume of antigen delivered
and the recovery of antigen in tissue homogenates resulting from differential antigen
acquisition during biopsy collection due to differential dispersion could account for this
difference. On average, 24 pL * 3.4 uL of antigen was injected into ex vivo tissue using
the 27G NS as compared to 14.1 pL £ 2.2 pL using the JI.

JI-injected HBsAg is immunogenic in mice

As shown in Figure 6, pre-immune sera did not react with HBsAg nor did the serum
collected from animals vaccinated with alum-adsorbed HEPES buffer. However, serum
from animals vaccinated with alum-adsorbed HBsAg showed specific binding to HBsAg
irrespective of the delivery mode or location. Moreover, a statistically significant increase
in the amount of antibody bound at different time points in serum collected from HBsAg-
injected mice was detected with an apparent maximum observed at day 47, the final bleed
out. No binding was observed in the no antibody and mouse 1gG negative controls (data
not shown).
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Figure 6: Immunogenicity of HBsAg in mice as determined by indirect ELISA. Mice were vaccinated

three times on days 0, 14, and 28 with blood draws prior to each vaccination and 19 days after the final

boost. Serum samples were tested at 1:100 dilutions against HBsAg. Optimal concentrations of mouse

antisera and anti-mouse conjugate were determined by checkerboard titration [22]. The results show the
mean absorbance and standard deviation for n=8 tests (4 x 2).

Comparison of the average absorbance values for each time point suggested no
difference between the different delivery modes (JI vs 27G NS) and location (ID vs SC)
(P-value > 0.449). However, absorbance values at day 47 are approaching a plateau
where the antigen is saturated. As such, determination of relative titer for comparison of
delivery modes using these values is unreliable.

A more accurate comparison of the immune response elicited using the JI with that
elicited using a 27G NS can be realized by estimating the HBs antibody titers on further
dilution of the serum. Antibody titer for each delivery mode and location was determined
by assaying serial dilutions of pooled serum from each group collected 19 days after the
final immunization (day 47)(Figure 7). While there are several methods by which titers
can be calculated (for example, [49Frey1998; 50Miura2008]), in this study relative titer
(1/x*z, where x = concentration [g/L] and z = serum dilution) was determined by equating
the relative absorbance which represents a measure of the antibody bound (y) obtained
from serial dilutions of the DETECTION mADb (z; known standard) with that obtained
from serial dilutions of antiserum (1/x) according to [37Cooper2000]. Because the curves
shown in Figure 7A are parallel, any point within the linear portion of the curves can be
taken for comparison of samples [36Crowthers2001][37Cooper2000]. As serial dilutions
of a known concentration of the DETECTION mAb (not shown) were assayed along with
our unknowns, absolute values could be rendered from relative absorbance measures
(Figure 7B).
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Figure 7: Anti-HBsAg titers at day 47 for mice immunized with three doses of alum-adsorbed HBsAg (one
primary dose and 2 boosters) using a JI or 27G NS. Injections using the JI were ID while those given using
a27G NS were ID or SC. A. Serum titration curves for determination of antibody titer with or without a
standard curve. In higher dilutions of sera, the endpoint titers are 2x lower for sera collected from JET
INJECTOR/ID and 27G/SC injected mice if the cutoff established for the 1:100 dilution of the negative
controls is used to determine the endpoint. B. Titer as determined using a standard curve.

No significant difference was detected between the titers for mice vaccinated
intradermally using the JI or subcutaneously using a 27G NS (P-value = 0.0877); the
immune response elicited was comparable (Figure 7B). However, both exhibited serum
antibody titers significantly lower than the titer detected in serum from mice injected
intradermally using a 27G NS (P-value = 3.9E-13 and Tukey-Kramer analysis). This
difference in titer reflects a difference in the concentration of antigen injected at each
time point as determined gravimetrically. Animals vaccinated by intradermal injection
using a 27G NS received on average 4.83 ug of alum-adjuvanted HBsAg as compared to
2.38 g and 1.97 pg for mice given SC injections using a 27G NS or ID injections using
the JI respectively. While the intent was to deliver two 2 g injections (or a total of
40 pL) to the dermis, difficulties inherent in accurately loading a needle and syringe with
a 20 pL volume together with administration using the Mantoux method contributed to
variability in volume delivered using the 27G NS (48.3 pL £ 6.9 pL). While loading and
the desired ejection volume were controlled using the JI, variability in delivered volume
was observed. As evidenced in Figures 2A and 3A, increasing the velocity and the cut off
frequency for deceleration resulted in considerable overshoot in the coil position, an
outcome attributed primarily to exciting the resonance of the system due to the sharp
voltage pulse. Given that volume delivered is quite small (20 pL), the deformation of the
piston tip and shaft with the applied force is large relative to the distance traveled with
the resultant ringing making estimation of the volume by the potentiometer less accurate.



Throughout the course of this study, the animals were monitored for signs of pain or
distress and injection sites monitored for evidence of erythema, swelling, bruising, or
infection. While minor bleeding at injections sites was observed in some animals using Ji
or 27G NS immediately post injection, no adverse events were recorded.

Conclusion

ID vaccination exploits the ability of dermal keratinocytes and Langerhan’s cells
(LCs) to stimulate naive resting T-cells for antigen-specific CD4+ and CD8+ T-cell
responses. Mice vaccinated with a comparable amount of alum-adsorbed HBsAg by
intradermal injection using the JI or subcutaneous injection using a 27G NS exhibited
non-inferior titers; the immune response in these animals was comparable. Differences in
titer observed between mice vaccinated intradermally using either the JI or a 27G NS
reflect differences in the volume of antigen delivered to the target.

Consistent delivery of a 20 pL volume to the dermis by the Mantoux method using a
27G NS proved difficult, although the variability might easily be remedied by
implementation of an investigational adaptor as developed by West Pharma and tested by
PATH [25Jarrahian2012]. Much of the volume variability detected in injections using the
JI could be attributed to the effects of the compliance of the commercially available
ampoule used in this study, which is designed for injection volumes ten-fold higher than
those conducted here. Repeatability of the volume delivered using the JI can be improved
by reducing the compliance of the system. Replacement of the ampoule and piston with
stiffer counterparts should reduce some of the ringing observed in the coil displacement
time profiles. As discussed in [40], these measures should permit more accurate
estimation of fluid volume by the potentiometer and reduce overshoot, thereby providing
tighter control over jet speed during the course of the injection. Tighter control of jet
velocity should in turn provide higher consistency of injection depth.

While vaccinated animals displayed evidence of HBs antibodies in response to
intradermal delivery of antigen using the JI, the effectiveness of the antibodies generated
against an HBV challenge should be evaluated in future studies.

Application of this technology to a more general audience would benefit from
inclusion of a force sensor to ensure that the force with which the JI is applied to the skin
could be controlled [51Demas]. Given the variability in the mechanical properties of skin
with age, skin type, hydration level, body location, and among individuals, some measure
of the mechanical properties of the tissue prior to an injection may help to inform the
parameters required to deliver drug to the desired target.
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