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Intradermal delivery of DNA vaccines via electroporation (ID-
EP) has shown clinical promise, but the use of needle electrodes
is typically required to achieve consistent results. Here, delivery
of a DNA vaccine targeting the Middle East Respiratory Syn-
drome Coronavirus (MERS-CoV) is achieved using noninva-
sive intradermal vacuum-EP (ID-VEP), which functions by
pulling a small volume of skin tissue into a vacuum chamber
containing noninvasive electrodes to perform EP at the injec-
tion site. Gene expression and immunogenicity correlated
with EP parameters and vacuum chamber geometry in guinea
pigs. ID-VEP generated potent humoral and cellular immune
responses across multiple studies, while vacuum (without EP)
greatly enhanced localized transfection but did not improve
immunogenicity. Because EP was performed noninvasively,
the only treatment site reaction observed was transient redness,
and ID-VEP immune responses were comparable to a clinical
needle-based ID-EP device. The ID-VEP delivery procedure is
straightforward and highly repeatable, without any dependence
on operator technique. This work demonstrates a novel, reli-
able, and needle-free delivery method for DNA vaccines.

INTRODUCTION
Plasmid DNA delivery via electroporation (EP) is a clinically proven
vaccination platform with potential safety, immunogenicity, and cost
advantages compared with traditional vectors. EP is the temporary per-
meabilization of cell membranes due to electric fields, which greatly en-
hances DNA uptake within the electroporated tissue. The design of the
EP delivery system can directly impact the magnitude and kinetics of
immune responses. In the clinic, EP devices typically use needle elec-
trodes inserted into skin or muscle tissue at the site of DNA injection,
and due to the reliability of this method, needle-based EP has become
the gold standard for in vivo DNA delivery. As an alternative to intra-
muscular EP (IM-EP), the skin is an attractive target for EP not only
due to its accessibility, which permits shallower EP fields, smaller
needles, and increased tolerability, but also due to its rich population
of immune cells, which may permit fractional dosing.1–3 Intradermal
EP (ID-EP) using a minimally invasive needle array is more tolerable
than IM-EP,4,5 and is also capable of generating potent immune re-
sponses at a fraction of the IM dose.6 The CELLECTRA 3P ID-EP de-
livery system has been used in numerous clinical trials to deliver DNA
vaccines against Middle East Respiratory Syndrome Coronavirus
(MERS-CoV),7 Ebola virus,6 and most recently, SARS-CoV-2.8
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Although needle electrodes are most commonly used in the clinic
because they generate reliable electric fields throughout a predeter-
mined tissue depth, the advent of ID-EP has brought new focus to
minimally or noninvasive alternatives.9–11 Noninvasive EP devices
usually function by contacting the skin surface with non-penetrating
electrodes and conducting current through the highly resistive stra-
tum corneum and the underlying viable epidermis, generating a
shallow electric field at the site of the ID plasmid injection. The key
disadvantage of noninvasive ID-EP is the risk of the electrodes losing
electrical contact during the procedure, which can result in tissue
damage, incomplete treatment, and electrical arcing. To overcome
this issue, most noninvasive arrays require constant downward pres-
sure, clamping mechanisms, and/or adhesives to prevent electrodes
from dislodging or moving during EP.12–14 These requirements can
be logistical barriers to adoption or can contribute to inconsistency
and/or operator error that may compromise successful vaccine deliv-
ery. Furthermore, when the electrodes of noninvasive EP devices are
placed flat against the skin, the resulting electric field is quite shallow
due to the large voltage drop across highly resistive stratum corneum
and the superficial path of current flow, resulting in primarily kerati-
nocytes, Langerhans cells, and other superficial cell types being trans-
fected.15,16 In contrast, needle-based EP devices also transfect deeper
tissue layers with a more diverse cellular population, which can
include dendritic cells, adipocytes, fibroblasts, and myocytes.17–19

Here, it was hypothesized that a vacuum chamber could serve to
isolate a controlled volume of skin tissue and perform noninvasive
EP to induce transfection and immunogenicity following intradermal
injection of a DNA vaccine. Combined vacuum + energy delivery sys-
tems have previously been developed for a variety of applications,
including cosmetics applications for targeted destruction of subcu-
taneous fat,20,21 facilitation of endoscopic chemotherapy delivery,22,23

and even organ-targeted uptake of circulating nucleic acids.24,25 In
this research, the compatibility of such a system with skin delivery
of nucleic acids was investigated. Compared with other noninvasive
EP methods, vacuum-assisted intradermal EP (ID-VEP) delivery is
rapy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Simulations, electrical readouts, and prototypes

Cross-sectional view of simulated electric field magnitude for various ID-VEP prototypes (A–F), predicted (simulation, red X and dotted line) vs. measured (in vivo, circular data

points points) electric current in guinea pigs (G and H), and images of prototype devices used for all in vivo testing (I and J). ID-VEP designs were simulated at 200 V and

�70 kPa of vacuum strength for chamber diameters of (A) 8 mm, (B) 10 mm, (C) 12 mm, and (D) 15 mm. ID-VEP of 10-mm chamber diameter was also simulated for pulse

intensity/vacuum parameters of (E) 100 V/�70 kPa and (F) 200 V/�40 kPa. (G) Impact of ID-VEP chamber diameter on electric current for 200 V/�70 kPa conditions (data

points = in vivo average pulse current, from immunogenicity study 4). (H) Impact of ID-VEP voltage and vacuum strength on electric current for 10 mm ID-VEP diameter (data

points = in vivo average pulse current, from immunogenicity study #1). (I) Side and (J) face-on views of ID-VEP prototypes, with the vacuum attachment point highlighted with

a yellow asterisk. In (A)–(F), the white scale bar length is 10 mm. Simulation predictions are normalized to the mean electric current of a reference group in each study.
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unique because suction can maintain intimate electrode-tissue con-
tact for the duration of the procedure while isolating a large tissue vol-
ume, and the deformation of skin allows electric fields to propagate
directly through the injection site and multiple tissue layers rather
than following a shallow, lateral path along the skin surface. The
impact of vacuum pressure, independent of EP, was also studied to
see how zones of localized increased pressure within skin tissue
impact both transfection and immunogenicity. Computational
modeling was used to predict the impact of key ID-VEP design pa-
rameters on electric field distribution, and ID-VEP prototypes were
built to evaluate in vivo gene expression and immunogenicity in
guinea pigs. Immune studies were performed in guinea pigs using a
DNA vaccine targetingMERS-CoV as a model system to demonstrate
feasibility of this novel, needle-free electroporation system.

RESULTS
Finite volume analysis and prototype development

ID-VEP prototype devices measuring 8 mm, 10 mm, 12 mm, and
15 mm in chamber diameter were rapid prototyped. The same outer
housing was used for all prototypes, and a customizable insert was
used to control the inner diameter of the ID-VEP chamber. These
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
ID-VEP prototypes were used for all animal studies, and electrodes
were cleaned with alcohol wipes after each use.

Figures 1A–1F show a cross-sectional view of the electric field distribu-
tion between active electrodes, predicted using finite volume analysis
(FVA), for each ID-VEP design and parameter set that was prototyped
and tested in vivo. Visually, ID-VEPgenerates relativelyuniformelectric
fields to all tissue contained inside the EP chamber, with slightly higher
field strengths observed within subcutaneous adipose tissue as well as
small “hot spots” where skin tissue loses contact with the electrodes.
There was a clear inverse association between electric field intensity
and ID-VEP chamber diameter for simulations run at 200 V and
�70 kPa vacuum strength (Figures 1A–1D). For the 10-mm diameter,
decreasing voltage to 100 V appeared to dramatically decrease the elec-
tric field strength, while decreasing the vacuum strength to�40 kPa did
not visually alter electric field strength but did result in a smaller volume
of tissue contained within the EP chamber (Figures 1E and 1F).

To evaluate the accuracy of FVA simulations, the predicted electrical
output of each ID-VEP configuration was compared with the in vivo
electrical data collected during ID-VEP DNA vaccinations in guinea
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A Figure 2. ID-VEP gene expression
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pigs (Figures 1G and 1H). Initial FVA predictions were found to over-
estimate electric currents (Figure S1). To correct for this overestimation,
FVApredictionswerenormalized to themean in vivo value of the group
with the highest current for each study. After normalization, the FVA
predictions accurately predicted the impact of ID-VEP chamber diam-
eter, pulse voltage, and vacuum strength on delivered current. Larger
ID-VEP chamber diameter resulted in progressively lower measured
and predicted electric current for a pulse voltage of 200 V, spanning a
50% reduction in current as ID-VEP diameter was increased from
8mm to 15mm. Additionally, the 10-mm ID-VEP prototype exhibited
an approximately 50% reduction in current when vacuum strength was
reduced from �70 kPa to �40 kPa for a pulse voltage of 200 V, while
current was reduced by 75% when pulse voltage was reduced to
100 V and vacuum strength was maintained at �70 kPa. Notably, the
100-V condition did not consistently deliver pulses; several treatments
had a mean current close to 0A.

Gene expression

Studies evaluating in vivo GFP expression of ID-VEP in guinea pigs
indicated that stronger vacuum pressure enhances gene expression
regardless of EP voltage, and a combination of 100 V ID-VEP voltage
and �70 kPa vacuum strength produced the strongest overall GFP
expression on the skin surface (Figure 2A). Across injection sites
receiving electroporation, increasing vacuum pressure from
�40 kPa to�70 kPa doubledGFP expression.Additionally, increasing
EP voltage from 50V to 100V resulted in a 1.4-fold increase in expres-
sion, while further increasing from 100 V to 200 V reduced visible
expression by nearly 70%. A detailed summary of statistical test results
for ID-VEP GFP expression is available in Table S1. In the absence of
electroporation, briefly applying �70 kPa vacuum pressure to the in-
jection site resulted in more than 3-fold higher GFP expression on the
skin surface than intradermal injection alone (Welch t test: Fluores-
cence ratio (95% CI) = 3.39 (1.16–5.62), p = 0.038).

In addition toquantificationofGFPfluorescence, expressionpatterns at
treatment sites receiving high vacuum strength were photographed and
visually compared (Figure 2B). ID injection of pGFP caused mild ery-
thema even in the absence of vacuum or EP, and resulting GFP expres-
sion was concentrated into a small, centralized region. The addition of
�70 kPa vacuum strength alone created a broader, circular region of
both erythema and transfection, and the further addition of ID-VEP
voltages up to 100V increased the intensity, but not the breadth, of fluo-
rescent signal. At 200 V, the regions with the darkest erythema corre-
sponded with a complete absence of fluorescence signal. Gene expres-
sion was also detectable in underlying skin layers following ID-VEP
in some samples but was not detectable in the absence of EP, even
when vacuum was applied to the injection site (Figure S2).

Immunogenicity

First, the immunological impact of ID-VEP vacuum strength and
voltage was quantified using humoral and cellular readouts in guinea
pigs vaccinated against MERS-CoV using ID-VEP delivery (Figure 3).
All animals (15 of 15) seroconverted after the second vaccination,
while after a single vaccination the seroconversion rates were four of
five for �70 kPa/200 V, two of five for �40 kPa/200 V, and three of
five for �70 kPa/100 V (Figure 3A). At week 4, when peak immuno-
genicity was observed, higher EP voltage was significantly associated
with stronger binding titers, but higher vacuum strength was not. At
week 6—4 weeks after the second vaccination—titers had begun to
decrease substantially in animals receiving 100-V delivery, while
they remained steady or only slightly decreased in animals receiving
200 V at either vacuum strength. The impact of voltage and vacuum
strength on cellular responses was measured via enzyme-linked
immunosorbent spot (ELISpot) performed at week 4 of the study (Fig-
ure 3B), which indicated that 200-V delivery increased mean cellular
responses by approximately 10-fold compared with 100 V, although
this effect was not significant. Similar to humoral responses, there
was no impact from vacuum strength on cellular response.

In a head-to-head immunogenicity study between ID-EP using intra-
dermal needle electrodes and needle-free ID-VEP, ID-VEP appeared
to generate a more rapid humoral response than ID-EP (Figure 4A).
By 2 weeks following the first vaccination, all animals in both groups
had seroconverted and ID-VEP was associated with significantly
higher titers than ID-EP. At subsequent time points following addi-
tional vaccinations, there was no significant difference between ID-
VEP and ID-EP. Cellular responses, measured at week 2 and week
4 of the study (Figure 4B), increased substantially after the second
vaccination for each delivery method, and spot counts were compara-
ble for ID-EP and ID-VEP at each time point.

In a separate study designed to evaluate the impact of vacuum pres-
sure alone (ID-Vacuum) on immunogenicity, ID-VEP was associated
with faster and stronger humoral immune responses compared with
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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ID-VEP immunogenicity in guinea pigs

Two 50-mg vaccinations were performed at study weeks

0 and 2. (A) Humoral response kinetics of different ID-VEP

parameter combinations. Red arrows indicate treatments.

(B) Cellular response measured at week 4 following initial

vaccination. IFN-g spot-forming units (SFUs) are

presented as the sum of five peptide pools’ individual

responses. All boxplots use the following error bars:

boxes represent the median and IQR, and whisker length

is the range of all data.
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ID-Vacuum or ID delivery alone (Figure 5A). After one vaccination,
all ID-VEP animals (five of five) had seroconverted, compared with
one of five for ID-Vacuum and zero of five for ID delivery without
vacuum or EP. By week 4—2 weeks after a second vaccination—
each of the ID-Vacuum and ID groups showed seroconversion in
three of five animals. The presence of electroporation was signifi-
cantly associated with higher titers at week 2, although this effect
was not significant at week 4 due to the highly variable, partial re-
sponses in the ID and ID-Vacuum groups. In contrast, the use of vac-
uum alone did not generate any measurable difference in titers
compared with ID delivery alone at either time point, although it is
notable that the two overall strongest responses at week 4 both
received ID-Vacuum delivery. Cellular responses were measured at
week 4 (Figure 5B), and the use of electroporation was significantly
predictive of higher spot counts while the use of vacuum alone
was not.

Next, the impact of ID-VEP chamber diameter on immunogenicity
was evaluated. ID-VEP chamber diameter was inversely associated
with humoral immune responses, with the smallest (8 mm) diameter
generally providing the strongest and most rapid responses (Fig-
ure 6A). The relationship between ID-VEP diameter and log-trans-
formed binding titers was significant at each time point, and each
millimeter of decreasing ID-VEP diameter was associated with a geo-
metric mean titer increase of approximately 0.2 at week 2, 0.1 at week
4, and 0.09 at week 6. Two weeks after the initial vaccination, the
response appeared to be plateauing for the 8-mm and 10-mm diam-
eters. Cellular responses, collected by interferon (IFN)-g ELISpot
2 weeks after the second and third vaccinations, were generally the
strongest for ID-VEP chamber diameters ranging from 8 mm to
12 mm, and increasing the diameter to 15 mm appeared to be associ-
ated with lower, more variable spot counts, although the impact of
diameter on spot counts was not significantly predictive (Figure 6B).

A summary of all statistical comparisons for each of the immunoge-
nicity studies is provided in Table 1.

DISCUSSION
The use of negative pressure, applied directly to internal organs
following intravenous infusion of plasmid DNA, has previously
been demonstrated to increase transfection at the site where suction
is applied.24,25 Although intravenous injection and targeted pressure
4 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
to internal organs is not a practical means of DNA vaccine delivery,
the finding that negative pressure can disrupt cell membranes to facil-
itate plasmid delivery agrees with the findings of this research.
Furthermore, the use of vacuum fixation to facilitate EP has previ-
ously been described, primarily for tissue fixation and homogeniza-
tion of electric fields during electroporation of mucosal tissue to
induce small molecule uptake within intraluminal or superficial tu-
mors during endoscopically guided electrochemotherapy.22 The
EndoVe device uses vacuum to reduce a tumor’s interstitial pressure
and to immobilize tissue for electrochemotherapy, and this technol-
ogy was recently shown to be safe and feasible for use in humans.23,26

However, DNA delivery poses unique challenges compared with
small molecule uptake because of its high molecular weight as well
as the need to bypass both the plasma membrane and nuclear mem-
brane for successful delivery. Furthermore, the surface of the skin is
highly electrically resistive,27 and it was unknown whether vacuum
fixation could provide sufficient coupling at the skin-electrode inter-
face to overcome this barrier. Electrical parameters suitable for small
molecule delivery may not be appropriate for delivery of plasmid
DNA; while irreversible EP utilizes pulses with an intensity on the or-
der of 1 kV with sub-millisecond pulse durations, reversible EP for
DNA delivery typically uses pulse durations multiple orders of
magnitude higher (tens or hundreds of milliseconds) with a fraction
of the field strength (�100 V/cm).28 Here, ID-VEP was shown to be
highly immunogenic, and the magnitude of gene expression and im-
mune responses was directly influenced by the device geometry, the
EP pulse parameters, and the vacuum pressure. An ID-VEP chamber
diameter of 8 to 10 mm appears optimal, and only a few additional of
millimeters of size dramatically reduced immune responses.

Recently, a method of suction-mediated transfection to skin tissue was
shown to increase localized transfection and immunogenicity of DNA
vaccines in rats.29 Interestingly, while our results agree with the find-
ings that localized transfection is enhanced through negative pressure
alone, we could not reproduce the finding that negative pressure alone
also increases immunogenicity of DNA vaccines. Rather, we show in
guinea pigs that there was no enhancement in immunogenicity
through suction alone, and only the addition of EP led to a dramatic
improvement in humoral and cellular immune responses. This may
be due to the choice of species for these two different studies; rats
have substantially thinner stratum corneum, viable epidermis, and
dermis thickness than human skin,30 whereas guinea pigs have skin



A B Figure 4. Comparative immunogenicity of pMERS

DNA vaccine delivered using ID-EP or ID-VEP in

guinea pigs

A total of three 50-mg vaccinations were performed, one

every 2 weeks beginning at week 0. (A) Humoral response

kinetics of ID-EP and ID-VEP delivery methods. Red arrows

indicate treatments. (B) Cellular responses, measured at

week 2 and week 4 following initial vaccination. IFN-g
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following error bars: boxes represent the median and IQR,
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more structurally similar to humans, with similarly thick epidermal
and dermal layers.31 These divergent findings highlight the importance
of multiple animal models to understand the complex phenomena
involved in vacuum-mediated DNA delivery, and also suggest that
the addition of electroporation may be necessary when delivering
DNA vaccines to thicker, more human-like skin.

Human skin thickness (epidermis + dermis) ranges from 0.5 mm to
2 mm,32,33 which explains the design of existing ID-EP systems that
target the first few millimeters of skin tissue. However, several studies
have shown that subdermal cells can be transfected during ID-EP, and
prior work from this group showed that subcutaneous fat contributes
strongly to DNA vaccine immunogenicity even in the absence of
epidermal or dermal transfection.34 For these reasons, ID-VEP is a
rational next step in EP device design, because it can easily immobilize
a controlled volume of skin and subcutaneous fat and perform elec-
troporation across that entire volume noninvasively.
FVA and prototype development

FVA was used to prospectively screen the performance of ID-VEP
prototype devices and can serve to both inform future design deci-
sions and explain experimental readouts. Reducing pulse voltage
from 200 V to 100 V resulted in electric field magnitudes that were
generally less than 100 V/cm, which is below the threshold typically
associated with successful transfection, although modeling noninva-
sive electroporation of skin has been historically difficult due to the
poorly understood contributions of the stratum corneum.35 Despite
the complex geometry and simplifying assumptions used to build
these models, it is promising that the electrical impact of various de-
A B
livery parameters predicted by FVA closely matches the electrical
trends observed in vivo, and these results suggest that FVA may
have predictive value when evaluating ID-VEP designs. Furthermore,
immune responses (discussed later) also correlated with the observa-
tions from simulated electric fields: stronger responses were associ-
ated with more intense electric fields.

The FVA performed here assumed that each tissue layer is homoge-
neous, with electrical conductivity that increases in a sigmoid fashion
with electric field strength. Additionally, the stratum corneum was
excluded from the model because very thin features can introduce arti-
facts in finite volume models, and skin was assumed to be a single layer
rather thanamultilayered compositematerial. Last, thermal effectswere
not considered in thismodel. Because thesemodels consistently overes-
timated total electric current compared with in vivo, it is possible that
further optimization of the conductivity transformation and inclusion
of the stratum corneummay yieldmore accurate results. Once normal-
ized to the baseline in vivo readouts, themodels were quite accurate and
provide evidence that electric field distributions predicted by these sim-
ulations can model ID-VEP device performance.
Gene expression

Gene expression analysis revealed potential synergy between vacuum
and EP effects on local protein production. Even in the absence of EP,
application of vacuum pressure transfected a large region of superfi-
cial skin cells. This change in expression breadth suggests that the skin
deformation caused is physically disrupting cell membranes and
transfecting cells, and possibly redistributing plasmid laterally
through the skin to physically contact more cells. The addition of
Figure 5. Immunogenicity of pMERS vaccine

delivered using either ID-VEP, ID injection followed

by vacuum only, or ID injection only in guinea pigs

Two 50-mg vaccinations were performed at study weeks

0 and 2. (A) Humoral responses. Red arrows indicate

treatments. (B) Cellular responses, measured at week 4.

IFN-g spot-forming units (SFUs) are presented as the sum

of five peptide pools’ individual responses. All boxplots use

the following error bars: boxes represent the median and

IQR, and whisker length is the range of all data.
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A B Figure 6. Immunogenicity of pMERS DNA vaccine in

guinea pigs, delivered using ID-VEP with chamber

diameter ranging from 8 mm to 15 mm

A total of three vaccinations were performed, beginning at

week 0. (A) Humoral responses, measured every 2 weeks

for 6 weeks. Red arrows indicate ID-VEP treatments. (B)

Cellular responses, measured at week 4 and week 6

following initial vaccination. Spot-forming units (SFUs) are

presented as the sum of five peptide pools’ individual

responses. All boxplots use the following error bars:

boxes represent the median and IQR, and whisker length

is the range of all data.
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EP showed a voltage-dependent increase in GFP fluorescence inten-
sity, but not breadth, suggesting that the two techniques may be com-
plementary: vacuum can increase the area of transfection, while EP
delivers more plasmid copies over the same area. While superficial
expression is primarily due to epidermal skin cells, imaging the un-
derside of skin sections highlights expression in the deeper dermal
layers, the subcutaneous adipose tissue, and the panniculus carnosus,
Table 1. Linear regression models used for statistical analysis of each immuno

Study Dependent variable Week Independent variable

1

log10(titer)

2
Voltage (100 vs. 200 V)

Vacuum strength (�40 v

4
Voltage (100 vs. 200 V)

Vacuum strength (�40 v

6
Voltage (100 vs. 200 V)

Vacuum strength (�40 v

log10(SFU) 4
Voltage (100 vs. 200 V)

Vacuum strength (�40 v

2

log10(titer)

2 Device (ID-EP vs. ID-VE

4 Device (ID-EP vs. ID-VE

6 Device (ID-EP vs. ID-VE

log10(SFU)
2 Device (ID-EP vs. ID-VE

4 Device (ID-EP vs. ID-VE

3

log10(titer)

2
EP (0 vs. 200 V)

Vacuum (0 vs. �70 kPa)

4
EP (0 vs. 200 V)

Vacuum (0 vs. �70 kPa)

log10(SFU) 4
EP (0 vs. 200 V)

Vacuum (0 vs. �70 kPa)

4

log10(titer)

2 ID-VEP diameter (mm)

4 ID-VEP diameter (mm)

6 ID-VEP diameter (mm)

log10(SFU)
4 ID-VEP diameter (mm)

6 ID-VEP diameter (mm)

At each week of each study, a linear regression model was fitted to ELISA and ELISpot readou
was performed. Significant results (p < 0.05) are bolded.
EP, electroporation; ID-EP, intradermal delivery of DNA vaccines via electroporation; ID-V
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which is present in rodent skin. Although expression in the underly-
ing layers was not detectable in all samples, it is notable that expres-
sion in deeper tissue layers was only detectable at treatment sites that
had received electroporation. This finding suggests that noninvasive
ID-VEP is capable of transfecting superficial as well as deeper layers
within skin tissue—similar to ID-EP devices that use needle elec-
trodes17—whereas intradermal injection alone, with or without
genicity study

Coefficient 95% CI p value

0.97 (�1.23 to 3.18) 0.356

s. �70 kPa) 1.28 (�0.93 to 3.48) 0.231

0.64 (0.07 to 1.22) 0.031

s. �70 kPa) 0.14 (�0.43 to 0.72) 0.603

1.55 (0.29 to 2.81) 0.020

s. �70 kPa) 0.04 (�1.22 to 1.30) 0.951

0.90 (�0.12 to 1.92) 0.079

s. �70 kPa) �0.34 (�1.36 to 0.68) 0.480

P) 0.41 (0.07 to 0.75) 0.023

P) 0.14 (�0.19 to 0.48) 0.345

P) 0.02 (�0.40 to 0.43) 0.927

P) 0.23 (�1.01 to 1.47) 0.676

P) �0.07 (�0.39 to 0.25) 0.608

1.88 (0.51 to 2.67) 0.011

0.74 (�0.63 to 2.10) 0.371

1.65 (�0.86 to 4.16) 0.178

0.40 (�2.68 to 3.49) 0.798

1.23 (0.17 to 2.30) 0.027

�0.01 (�1.08 to 1.05) 0.980

�0.19 (�0.34 to �0.04) 0.014

�0.10 (�0.17 to �0.02) 0.015

�0.086 (�0.12 to �0.05) <0.001

�0.069 (�0.16 to 0.02) 0.12

�0.064 (�0.15 to 0.03) 0.154

ts, and in cases where multiple independent variables are listed, multiple linear regression

EP, intradermal vacuum-electroporation; SFU, spot-forming unit.
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vacuum, is limited mainly to the superficial epidermis. Future ID-
VEP studies should investigate these differences in protein expression
patterns at the histological level in order to more fully understand the
spatial distribution of transfection and the cell populations involved.

Interestingly, when voltage was increased from 100 V to 200 V, super-
ficial GFP expression in skin sharply declined. This decrease can be
attributed tomore prominent erythema associated with skin irritation
due to higher pulse energy, which effectively quenches visible GFP
signal.36 Therefore, superficial GFP expression readouts are probably
unreliable when higher pulse energies are employed, since redness of
the tissue may be masking positive signal. It was encouraging to note
that none of the ID-VEP treatment sites exhibited any visible signs of
irritation beyond transient erythema at the injection site, even at high
voltages. Mild muscle contraction was observed during ID-VEP, sug-
gesting that some current flow does reach the underlying muscle tis-
sue. These promising initial results suggest that ID-VEP is well-toler-
ated and causes minimal tissue damage, although future studies
should be conducted to more thoroughly characterize the tissue-level
and cell-level responses to the ID-VEP procedure.

Immunogenicity

ID-EP parameters of 200 V pulse intensity and �70 kPa vacuum
strength generated the strongest humoral and cellular responses
compared with lower vacuum or voltage settings, which agrees with
FVA predictions and contrasts with the gene expression findings as ex-
plained above. These results raise the possibility that even higher volt-
ages than 200V may continue to enhance immunogenicity, though it
must be considered that increased pulse intensities are also associated
with discomfort, thermal damage, and irreversible electroporation.
Because ID-VEP is intended to be a highly tolerable procedure causing
no lasting tissue damage, 200Vwas selected as a rational upper limit for
these studies, though higher voltages merit further investigation since
ID-VEP even at 200 V caused only transient irritation. In addition to
pulse intensity alone, future work should also consider other combina-
tions of pulse widths and inter-pulse delays in order to provide a more
complete picture of how each electrical parameter impacts immunoge-
nicity and superficial tissue damage.

In a head-to-head comparison between ID-VEP and needle-based
ID-EP, ID-VEP generated equivalent cellular responses and superior
humoral response kinetics and magnitude through 6 weeks of obser-
vation. This improvement may be attributable to the broader, more
homogeneous electric field that is generated in ID-VEP compared
with needle ID-EP. The reason for such effective electric field
coverage is the vacuum component of ID-VEP, which positions
skin tissue so electric fields penetrate through all skin layers along
two perpendicular axes. These results suggest that ID-VEP overcomes
the historical weaknesses of noninvasive EP devices—namely, shallow
and inconsistent electric field generation—which have generally led to
lower immunogenicity compared with needle-based ID-EP.

Although ID-Vacuum (without EP) delivery generated substantially
higher GFP expression than ID delivery (without vacuum or EP),
both methods resulted in comparably poor immunogenicity, with
virtually no measurable humoral response after one vaccine and par-
tial seroconversion after a second vaccination. Only the combination
of vacuum pressure and electroporation was capable of inducing
consistent, high-magnitude cellular and humoral responses. This
result suggests that transfection alone may not sufficiently predict im-
mune responses to DNA vaccines. Based on these findings, it is pro-
posed that the combination of transfection breadth (due to vacuum
pressure) and transfection efficiency (due to EP) act synergistically
to increase overall gene expression, while EP is most critical to driving
immunogenicity. Previous studies have shown that EP can be syner-
gistically or additively combined with other delivery methods such as
sonoporation,37–39 particle delivery,40 and jet injection.41 In addition
to its well-characterized enhancement of gene expression, which was
corroborated in this study, EP has also been theorized to act as a phys-
ical adjuvant since electrical energy produces localized tissue damage
that can prompt the localized recruitment of innate and adaptive im-
mune cell types, including macrophages and T cells.42 This adjuvant
effect may further explain the superiority of ID-VEP compared with
ID-Vacuum delivery despite their similar gene expression profiles,
and it may also explain why smaller ID-VEP diameters (which had
stronger electric fields and more electrical “hot spots”) were associ-
ated with stronger immune responses.

ID-VEP prototypes were designed and built with the objective of en-
compassing sufficient skin and subcutaneous tissue to transfect an
entire 100-mL injection site, but not gathering so much tissue that
excess tissue is electroporated needlessly. Therefore, most studies
were performed using a 10-mm-diameter ID-VEP chamber, which
is similar to the diameter of a standard 100-mL intradermal fluid
bleb.43 The smallest ID-VEP chamber size tested was 8 mm, and
smaller sizes were not tested because the entire injection volume
would be unable to fit inside the EP chamber. However, larger or
smaller ID-VEP devices may be appropriate for different injection
volumes or desired depths of transfection.

The work described here used anMERS-CoV DNA vaccine as a model
plasmid to develop the ID-VEP system; this research is now of partic-
ular relevance due to the ongoing COVID-19 pandemic caused by
another coronavirus, SARS-CoV-2. It is encouraging, therefore, that
ID-VEP appears to induce rapid and potent humoral responses, which
have shown to correlate with protection from infection, hospitalization,
and death,44 as well as strong cellular responses, which we hypothesize
will be critical to provide long-lasting and adaptive protection against
current and future mutations.45,46 A well-rounded immune response,
generated with a noninvasive, easy-to-use, and well-tolerated ID-
VEP device, is an attractive product profile in these pandemic situa-
tions where widespread vaccination is required.

Conclusions

This work demonstrates that DNA vaccines delivered via ID-VEP are
highly immunogenic—comparable to needle-based ID-EP—and the
delivery procedure itself is noninvasive, repeatable, and requires
only a few seconds to perform. Design parameters such as chamber
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size, pulse intensity, and vacuum strength were shown to influence
DNA vaccine immunogenicity and gene expression, and the use of
FVA modeling supports the hypothesis that the breadth and magni-
tude of the electric field can predict and explain performance of ID-
VEP systems. Negative pressure was shown to independently enhance
transfection and synergized with EP delivery by immobilizing a fixed
volume of skin securely against the electrodes lining the EP chamber.
This technique provides a reliable, repeatable platform to perform
noninvasive EP, and the impact of negative pressure on skin tissue
and its interaction with electroporation merits continued research.

MATERIALS AND METHODS
Device design and FVA

SolidWorks (SolidWorks Corp, Concord, MA, USA) was used to
generate 3D models of each ID-VEP design. These 3D models were
used to create ID-VEP prototype devices that were used for all in vivo
studies. To create a 3D model of skin deformation within the ID-VEP
chamber, each ID-VEP prototype was placed against guinea pig skin,
various vacuum strengths were applied, and the skin deformation was
measured under each condition (Figure S3). These measurements
were used to create 3D models of skin tissue for each ID-VEP design,
and these tissue models were used to perform FVA to model electric
field distribution within skin tissue during EP. FVA was performed in
ANSYS Fluent (ANSYS Software, Canonsburg, PA, USA). The mesh
for eachmodel was generated using the default ANSYS Fluent meshing
algorithm. Figure S4 shows an example of a meshed tissue model with
ID-VEP electrodes overlaid, as well as the two unique pulses that were
modeled between opposing electrode pairs. More details on the mesh
are provided in Table S2.

To solve the model, skin was assigned an electrical conductivity of 0.17
S/m, and subcutaneous fat was assigned an electrical conductivity of
0.05 S/m. These properties were based on a publicly available database
that aggregates experimental measurements of various tissue proper-
ties,47 as well as historical in-house readouts. Maxwell’s equations
were solved and a residual error of 10�7 was reached to achieve conver-
gence. The potential difference between the active electrodes (200 V for
most models) was defined as a constant boundary condition. Tomodel
electric field-dependent increases in tissue conductivity, conductivities
were progressively transformed based on electric field magnitude at
each iteration using a sigmoid equation for a maximum increase of
4-fold as electric field magnitude approached 600 V/cm (Figure S5).
This technique has been previously described as a way to more accu-
ratelymodel the electricfield-dependent changes that occurduring elec-
troporation in living tissue compared with models using constant con-
ductivity values.48

FVA was performed to investigate the impact of the following parame-
ters on electric field distribution: pulse intensity, ID-VEP chamber
diameter, and vacuum strength. First, ID-VEP prototypes with an EP
chambermeasuring 8, 10, 12, or 15mmweremodeled using a pulse in-
tensity of 200 V between active electrodes. Next, the ID-VEP prototype
with a chamber diameter of 10 mm was modeled for three different
combinations of pulse intensity and vacuum strength: 200 V/
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�70 kPa, 100 V/�70 kPa, and 200 V/�40 kPa. Paraview software49

was used to visualize the electricfield distributions of each solvedmodel.

Animals

All in vivo studies were performed using female Hartley guinea pigs
12–16 weeks in age and weighing approximately 600 g. For the dura-
tion of all procedures, guinea pigs were maintained under anesthesia
by inhaled isoflurane. Treatment sites were shaved immediately prior
to each procedure. For terminal studies, euthanasia was performed by
intracardiac injection of pentobarbital. All animal studies were per-
formed under a protocol approved by an Institutional Animal Care
and Use Committee.

Plasmid DNA delivery and electroporation

Intradermal plasmid delivery for all studies consisted of 100-mL ID in-
jection of plasmid DNA onto the flanks of guinea pigs, using a 0.5-mL
insulin syringe equipped with a 29-gauge needle. For ID-EP proced-
ures, the CELLECTRA IDArray—aminimally invasive array contain-
ing three 3-mm needle electrodes17—was immediately inserted into
the injection site and EP was performed, delivering two sets of two
pulses with an intensity of 0.2A and a pulse duration of 52 ms. For
ID-VEP, the vacuum chamber was placed on top of the injection
site, the vacuum pump was powered on, and EP was performed
once the pressure reached the set-point, delivering two sets of two
pulses with an intensity of 200 V and a pulse duration of 100ms. After
EP, the vacuum pump was turned off to release the tissue from the
treatment chamber. The duration of the entire ID-VEP procedure,
following intradermal DNA injection, was approximately 5–10 s,
which is comparable to the duration of an ID-EP procedure. A
GEMINI vacuum pump equipped with analog pressure control
knob (VWR, Radnor, PA, USA) was used as a vacuum source for all
studies. A custom pulse generator was used to deliver the EP pulses.

ID-VEP gene expression

Gene expression studies were conducted in guinea pigs to evaluate the
breadth and magnitude of plasmid transfection following ID-VEP
with different vacuum and electrical limits. In guinea pigs, ID-VEP
delivery of plasmid encoding green fluorescent protein (pGFP,
3,716 base pairs [bp] and human CMV promoter) at a concentration
of 0.5 mg/mL was performed, using voltage limits of 50, 100, 100, or
200 V at both low (�40 kPa) and high (�70 kPa) vacuum strengths.
As a control, pGFP was delivered using injection alone (without vac-
uum), as well as via injection followed by �70 kPa vacuum (without
EP). Skin was excised for analysis 3 days after plasmid delivery, and
fluorescence was quantified using a FluorChem R imaging system
(ProteinSimple, San Jose, CA, USA). Table S3 summarizes the exper-
imental conditions and number of replicates. Injection sites were also
photographed prior to tissue harvest to visually compare signs of su-
perficial tissue damage.

Immunogenicity studies

Four independent immunogenicity studies were performed in guinea
pigs, each comparing ID-VEP with different delivery systems or
different ID-VEP parameters. Vaccinations used 100 mL intradermal



Table 2. Immunogenicity study designs

Study Group n Delivery VEP diameter (mm) Vacuum (kPa) Voltage (V) Vaccine schedule (weeks)

1

1 5 ID-VEP 10 �40 100

0, 22 5 ID-VEP 10 �70 100

3 5 ID-VEP 10 �70 200

2
1 5 ID-VEP 10 �70 200

0, 2, 4
2 5 ID-EP – – 200

3

1 5 ID-VEP 10 �70 200

0, 22 5 ID-Vac (no EP) 10 �70 –

3 5 ID (no EP) – – –

4

1 5 ID-VEP 8 �70 200

0, 2, 4
2 5 ID-VEP 10 �70 200

3 5 ID-VEP 12 �70 200

4 5 ID-VEP 15 �70 200

All treatments were performed in guinea pigs, using 100 mL intradermal injection of plasmid encoding MERS-CoV spike protein followed immediately by electroporation.
EP, electroporation; ID-EP, intradermal delivery of DNA vaccines via electroporation; ID-VEP, intradermal vacuum-electroporation; Vac, vacuum.
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injection of 50 mg plasmid encoding MERS-CoV spike protein
(7,025 bp and human CMV promoter). ID-EP was performed using
the CELLECTRA 3P, a minimally invasive device that uses three nee-
dle electrodes, while ID-VEP was performed using VEP prototypes
with parameters described in Table 2. Vaccinations were performed
at week 0 and week 2 of each study, and an additional vaccination
was performed at week 4 for two of the four studies. Study 1 was de-
signed to quantify the impact of both vacuum strength and EP voltage
on ID-VEP immunogenicity. ID-EP was compared directly with ID-
VEP in study 2, while study 3 evaluated each component of ID-VEP
(injection, vacuum, and EP) in an additive manner. Study 4 compared
different ID-VEP chamber diameters. All studies shared a common
study group using a 10-mm-diameter ID-VEP device at 200 V, in or-
der to verify the inter-study repeatability of the ID-VEP procedure.
Serum was collected every 2 weeks to measure humoral response ki-
netics via ELISA, and whole blood was collected at week 4 for
ELISpot analysis.

ELISA

ELISA was performed as described previously.34 Briefly, 96-well
plates (Thermo Fisher) were coated overnight with MERS spike pro-
tein antigen (Sino Biological, 40069-V08B) in PBS. Plates were then
blocked with 3% bovine serum albumin (BSA) for 2 h at room tem-
perature (RT) and washed. Serum in PBS-t containing 1% BSA (Milli-
pore Sigma) was added for 2 h at RT and then washed, and then
horseradish peroxidase-conjugated goat anti-guinea pig immuno-
globulin G (Millipore Sigma, A7289) was incubated in wells for 1 h
at RT. Tetramethylbenzidine substrate solution (VWR) was used to
develop color for 6 min, then methylbenzidine stop reagent solution
(VWR) was added to halt the reaction. A Synergy HTX plate reader
(BioTek Instruments) was used to measure absorbance at 450 nm.

Endpoint binding titers were defined as the intersection point be-
tween a 5-parameter logistic curve for each biological replicate at
each time point and a single reference curve fitted to the upper limit
of the 99% prediction interval calculated at each dilution for all week
0 samples.
ELISpot

ELISpot was performed as described previously.34,50,51 At 2, 4, and/or
6 weeks following initial vaccination, 3 mL of peripheral blood was
collected. Peripheral blood mononuclear cells (PBMCs) were isolated
and plated at a density of 1 � 105 cells per well on X-coated 96-well
Millipore IP plates. Plated PBMCs were stimulated with 5 MERS pep-
tide pools (GenScript) and IFN-g production was measured using
biotinylated mouse monoclonal anti-guinea pig IFN-g antibody
and BCIP/NBT detection reagent substrate. A CTL-Immunospot S6
ELISpot plate reader and its included software was used to count
spot-forming units (SFU). Spot counts were normalized to baseline
by subtracting SFU of wells that did not receive any peptide.
Statistical analysis

Prior to analysis, gene expression data were converted from raw fluo-
rescence values with arbitrary units into ratios relative to a reference
group. All immunogenicity data—binding titers for antibody re-
sponses and SFU for cellular responses—were log-transformed prior
to analysis. For direct comparison of two study groups, a t test with
Welch correction was performed. Otherwise, simple linear regression
or multiple linear regression was performed at each time point of each
study. Since this work is exploratory in nature and the objective of
these studies was to generate new hypotheses for future work, multi-
plicity corrections that account for Type I error but may increase
Type II error were not performed.
DATA AND CODE AVAILABILITY
Non-confidential data may bemade available upon request to the cor-
responding author.
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