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Abstract: The aim of this study was to investigate the use of different types of microneedles 

(MNs) and nanocarriers for in vitro skin permeation and in vivo immunization of plasmid DNA 

encoding ovalbumin (pOVA). In vitro skin permeation studies indicated that hollow MNs had a 

superior enhancing effect on skin permeation compared with solid MN patches, electroporation 

(EP) patches, the combination of MN and EP patches, and untreated skin. Upon using hollow 

MNs combined with nanocarriers for pOVA delivery, the skin permeation was higher than for 

the delivery of naked pOVA, as evidenced by the increased amount of pOVA in Franz diffusion 

cells and immunoglobulin G (IgG) antibody responses. When the hollow MNs were used for 

the delivery of nanocarrier:pOVA complexes into the skin of mice, they induced a stronger IgG 

immune response than conventional subcutaneous (SC) injections. In addition, immunization of 

mice with the hollow MNs did not induce signs of skin infection or pinpoint bleeding. Accord-

ingly, the hollow MNs combined with a nanocarrier delivery system is a promising approach 

for delivering pOVA complexes to the skin for promoting successful immunization.

Keywords: hollow microneedle, solid microneedle, electroporation, plasmid DNA encoding 

ovalbumin, skin immunization, nanocarrier

Introduction
DNA vaccines are a novel technology for immunizations as an attractive alternative to 

conventional vaccines due to several advantages, including superior vaccine stability, 

ease of rapid and large-scale production, and the ability to induce potent cellular and 

humoral immune responses.1 DNA vaccines are plasmids containing a gene encoding 

an antigen and a promoter/terminator to induce the gene expression in mammalian cells, 

where it directs the synthesis of its polypeptide antigen.2 However, the use of DNA 

vaccines in the clinic is still limited because of their often poor immunogenicity.1,3,4 

DNA vaccinations depend mainly on the delivery of plasmid DNA into cells to induce 

the expression of an encoded antigen. Therefore, the major reasons for their low level 

of immunity are the lack of suitable injection sites and the lack of proper delivery 

systems for DNA vaccines.5 Skin vaccinations have received attention as an alternate 

route of immunization. Skin layers are abundantly populated with professional antigen-

presenting cells (APCs) within both the epidermis and the dermis, ie, Langerhans cells 

and dermal dendritic cells, respectively, which play important roles in effectively 

inducing immune responses.6,7 Thus, the delivery of DNA vaccines to skin layers can 

improve the immunogenicity. However, it is challenging to deliver high molecular 

weight molecules such as DNA vaccines into the skin because of the barrier effect 
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from the outermost stratum corneum layer of skin,8 and 

therefore, improved delivery strategies are necessary to 

overcome this challenge.

The conventional method of vaccination that involves 

subcutaneous (SC) injection using hypodermic needle 

has several limitations, including the induction of pain, 

the special training that is required, and the unsuccessful 

targeting of antigens of APCs. To avoid these limitations, 

various methods such as microneedles (MNs),9 electropo-

ration (EP),10,11 gene guns,12 and jet injection13 have been 

investigated as efficacious DNA vaccination methods via 

the skin. Although the gene gun has received attention for 

DNA vaccination in the skin, it is limited by its expensive 

cost and Th2-biased immune response.13–15 Moreover, the 

use of multiple-use nozzle jet injectors leads to blood infec-

tions from cross-contamination of the injection nozzle and 

are no longer recommended for vaccinations.16 Therefore, 

in this study, physical enhancement methods were inten-

tionally highlighted, including MNs and EP, to overcome 

the stratum corneum barrier and to improve the efficacy of 

gene therapy.

MNs have been considered as one of the most effective 

devices, as they can achieve painless skin penetration and 

are easy to use, easily scaled up, inexpensive, and repro-

ducible via mass production.17 Thus, MNs are promising 

candidates for the delivery of DNA vaccines. MNs consist of 

micron-sized needles generally at lengths up to 1,000 µm,18 

and they can breach the stratum corneum to create holes for 

the passage of high molecular weight molecules through 

the skin barrier. In addition, MN holes are thought to be 

aqueous, thereby facilitating hydrophilic macromolecule19 

and plasmid DNA transport.20 Four types of MNs have been 

used, including solid MNs (the poke and patch approach), 

coated MNs (the coat and poke approach), dissolving MNs 

(the poke and release approach), and hollow MNs (the poke 

and flow approach), each with their own advantages and 

disadvantages.18,20–22 Hollow MNs are an attractive approach 

as they can accurately deliver high dose of drug, and there is 

limited or no need to reformulate the vaccine.18

Recently, another physical method, EP, has also been 

shown to effectively deliver pDNA regardless of its electrical 

characteristics. It was discovered that EP can enhance the 

uptake of pDNA into the cells, resulting in an increase in pro-

tein antigen production23 and vaccine immunogenicity.24–26 

EP is the application of high-voltage pulses within a very 

short time (µs–ms) to cause structural perturbation of 

lipid bilayer membranes.27 Additionally, the combination 

of MN patches and EP induced a synergistic effect on 

macromolecule skin permeation compared with MNs alone 

or conventional EP.28,29 However, until now, there has been 

a lack of publications on comparison of the effectivity of 

solid MN patches, EP patches, the combination of MN and 

EP patches, and hollow MNs for DNA vaccinations in skin 

both in vitro and in vivo.

In addition, genetic materials such as DNA vaccines 

are negatively charged and have a high molecular weight; 

thus, they require an effective carrier for enhanced delivery. 

However, it remains unknown whether delivery using the 

best device with different cationic nanocarriers for skin 

immunization with DNA is more effective than the delivery 

of naked pDNA alone. Therefore, in the present study, we 

examined the performance of several methods, including 

MN patches, the EP patches, the combination of MN and 

EP patches, and hollow MNs in an in vitro skin permeation 

study using a model plasmid antigen, plasmid DNA encoding 

ovalbumin (pOVA), without cationic nanocarriers, because it 

can express ovalbumin antigen to induce an immune response 

and has characteristically poor skin penetration. The best 

device was subsequently chosen for an in vitro skin perme-

ation study and an in vivo immunization study in mice of 

pOVA complexes with different cationic nanocarriers, includ-

ing polyethylenimine (PEI, cationic polymer), Lipofectamine 

2000 (cationic lipid), and Superfect (cationic dendrimer).

Materials and methods
Materials
Hollow MNs (Nanopass™; 33-gauge hypodermic needle, 

i.d., 0.20  mm) were kindly provided by Terumo Co. 

(Tokyo, Japan). The acupuncture needle (0.25×30 mm) was 

obtained from DongBang Acupuncture Inc. (Chung Nam, 

Korea). pOVA was a gift from Shoshana Levy (Addgene 

plasmid #31598). Large-scale plasmid preparation was 

performed using QIAGEN® Plasmid Midi Kits Valencia 

(Qiagen, CA, USA). Branched PEI (MW 25,000) was pur-

chased from Aldrich (Milwaukee, WI, USA). Lipofectamine 

2000 was purchased from Invitrogen (Carlsbad, CA, USA). 

Superfect was obtained from Qiagen. Quant-iT™ PicoGreen® 

dsDNA reagent and kits were purchased from Molecular 

Probes, Inc. (Eugene, OR, USA). Monoclonal anti-chicken 

egg albumin (OVA) antibody produced in mouse and rabbit 

anti-goat immunoglobulin G (IgG) peroxidase conjugate 

were purchased from Sigma-Aldrich (St Louis, MO, USA). 

3,3′,5,5′-Tetramethylbenzidine (TMB) was purchased from 

Zymed (San Francisco, CA, USA). Tween 20 and sulfuric 

acid (H
2
SO

4
, 98% w/w) were supplied by BDH (Poole, 

Dorset, England). HeLa cells, the human cervical cancer cell 
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lines, were purchased from American Type Culture Collec-

tion (ATCC, Maryland, USA). Fetal bovine serum (FBS), 

minimum essential media (MEM), l-glutamine, and MEM 

non-essential amino acids (100×) were obtained from Gibco–

Invitrogen (New York, NY, USA). The goat anti-mouse IgG 

horseradish peroxidase (HRP) conjugate was ZyMax™ 

Grade. Sodium bicarbonate (NaHCO
3
) was purchased from 

Fisher Scientific (Leicestershire, England). High-sensitive 

enzyme-linked immunosorbent assay (ELISA) kits for oval-

bumin were purchased from Biomatik (Ontario, Canada). All 

other chemicals were of molecular biology quality.

MN patch fabrication
To prepare the MN patches, 32-gauge stainless steel needles 

(0.25×30  mm) and a silicone sheet (15×15×2  mm) were 

employed. The silicone sheet was vertically punctured 

by the cut needles. The tips of the acupuncture needles 

extended ∼900 µm out of the silicone sheet. The other end of 

the acupuncture needle was bent to anchor the acupuncture 

needle in the silicone sheet. These MNs were positioned in a 

5×5 pattern (25 needles). The needles were then fixed to the 

silicon sheet with an adhesive tape as shown in Figure 1A. 

To ensure the length of needles, MN patches were observed 

under stereo zoom microscopes (SMZ-171 series; Motic®, 

Hong Kong, China).

MN+EP patch and EP patch fabrication
To examine the combinatorial effect of the MNs and 

EPs, the needles were prepared as described earlier. However, 

the copper wires, ie, the positive and negative lines, were 

inserted under the perpendicular part of the needle before 

fixing the needles with the silicone sheet so that the MN+EP 

array could be used as an electrode in the EP experiments 

(Figure 1B and C). To investigate the effect of EPs alone 

and to eliminate the effect of the MN array, the tip of the 

needle was cut and filed until dull; these needles are referred 

to as blunted MNs (Figure 1B) and were used to prepare the 

blunted MN arrays following a method similar to that used 

to prepare the MN+EP patches.

Hollow MN preparation
A 33-gauge hypodermic needle (Nanopass™; i.d., 0.20 mm; 

Terumo Co.) was connected to a 100 µL Hamilton syringe 

through a 27-gauge hypodermic needle (i.d., 0.22  mm; 

o.d., 0.40 mm; Terumo Co.) for intradermal injection. To 

maintain the insertion depth, the needle was fixed at a 40° 

angle on a triangular silicone sheet to maintain a constant 

insertion depth of ∼300 µm into the skin layer (Figure 1D).

Preparation of pOVA
The pOVAs were amplified from previously transformed 

stocks of Escherichia coli DH5α using antibiotic-selective 

conditions. After amplification of the E. coli, the plasmids 

were isolated and purified by using QIAGEN Plasmid Maxi 

Kits. The quality and quantity of the purified pOVA were 

evaluated by the optical density at 260 and 280 nm.

Preparation of cationic nanocarrier:pOVA 
complexes
The pOVA was mixed with different cationic nanocarriers 

at various weight ratios (w/w). The PEI:pOVA complex was 

prepared by adding the solution of branched PEI (25 kDa) to 

the pOVA at different weight ratios of 0.25, 0.5, 1, 2, and 3. 

For Lipofectamine 2000:pOVA, lipoplexes were prepared 

Figure 1 Schematic representation of (A) a solid MN patch, (B) an EP patch, (C) the combined solid MN and EP patch, and (D) a hollow MN inserted into the skin with a 
33-gauge hypodermic needle.
Abbreviations: MN, microneedle; EP, electroporation.
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at weight ratios of 1, 2, 3, 4, and 5. Superfect:pOVA was 

prepared at weight ratios of 2, 3, 4, 6, and 15. Complexes 

were prepared according to the manufacturer’s instructions. 

The mixtures were combined, gently mixed, and further 

incubated at room temperature for the appropriate time to 

initiate the formation of complexes.

Characterization of cationic 
nanocarrier:pOVA complexes
Particle size and zeta potential analysis
The particle size and surface charge of the cationic carrier/

pOVA complexes were determined by photon correlation 

spectroscopy using a Zetasizer Nano ZS. The amount of pOVA 

was fixed at 2 µg. The complexes were diluted with sterile 

water to 1 mL at the time of measurement. The measurement 

of each sample was performed in triplicate at 25°C, pH 7.4.

Agarose gel retardation
The cationic nanocarrier:pOVA complexes were prepared 

using 0.25 µg pDNA with different nanocarriers at various 

weight ratios as described earlier. Agarose gel electrophoresis 

was performed using 1% agarose in 1× Trisacetate-EDTA 

(TAE) buffer. The complex solutions were mixed with 

50% glycerol before loading into the gel. Electrophoresis 

was carried out in TBE running buffer, pH 8.3, for 45 min 

at 100 V. The pOVA on agarose gel was then stained with 

ethidium bromide and destained in sterile water. The pOVA 

bands were visualized and photographed by a ultraviolet 

(UV) transilluminator using a GelDoc system.

In vitro transfection efficiency
Transfection study of cationic nanocarrier:pOVA complexes 

was performed in human cervical carcinoma cell (HeLa 

cells) lines. Briefly, HeLa cells were seeded in 48-well 

plates (1×105 cells/well) and incubated at 37°C with 5% CO
2
 

for 24  h. The cells were then transfected with cationic 

nanocarrier:pOVA complexes at different weight ratios in 

serum-free medium, the complexes containing 0.5 µg/well 

of pOVA. After 4 h, the transfection medium was replaced 

with fresh medium, and the cells were incubated overnight. 

The medium was collected, and the cells were trypsinized 

with a cell lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM 

EDTA, and 1% Triton X-100) and then frozen and thawed 

for 3 cycles. Insoluble materials were removed by centrifuga-

tion (14,000 rpm, 4°C, 10 min), and then the supernatant was 

collected. The total protein concentrations were measured 

both in the medium and the supernatant from the lysis of 

cells using a high-sensitive ELISA kit for OVA.

Cytotoxicity of cationic 
nanocarrier:pOVA complexes
The cytotoxicity of cationic nanocarrier:pOVA complexes 

was investigated using an MTT assay. HeLa cells were 

seeded into a 96-well plate at a density of 8,000 cells/well 

and incubated at 37°C with 5% CO
2
 for 24  h prior to 

transfection. The cells were then treated with the different 

nanocarrier:pOVA complexes under the same conditions and 

the weight ratios as in vitro transfection experiment. After 

4 h of transfection, the media were removed, and the cells 

were then washed with phosphate-buffered saline (PBS) and 

continually incubated in the complete media for 24 h. MTT 

solution (5 mg/mL in PBS) was added to give the final con-

centration of 1 mg/mL to each well and incubated in normal 

conditions for 4 h. The media were then removed, and the 

formazan crystals formed in the living cells were dissolved in 

100 µL per well of dimethyl sulfoxide (DMSO). The optical 

density was measured at 550 nm using a microplate reader 

(Universal Microplate Analyzer, Model AOPUS01 and 

AI53601; Packard BioScience, Connecticut, CT, USA). Rela-

tive viability (%) was calculated according to Equation 1.

	
Relative viability 

OD

OD
treated cells

non-treated cells

(%) = × 1000
�

(1)

The viability of non-treated cells is defined as 100%.

Effect of serum on transfection efficiency
To evaluate the stability against nuclease digestion, serum 

stability of pDNA in nanocarrier/pDNA complexes was deter-

mined as previously described.30 Our previous study found 

that pDNA without cationic nanocarriers was completely 

degraded in the presence of 10% serum for 6 h.31 Therefore, 

the different cationic nanocarrier:pOVA complexes were 

incubated with 10% serum from female BALB/c mice 

(6–8 weeks old) for 6 h and analyzed on agarose gel elec-

trophoresis. Different cationic nanocarrier:pOVA complexes 

(0.25 µg of pOVA) at the selected weight ratios were incu-

bated with 10% serum at 37°C for 6 h. In case of the samples 

containing the nanocarriers, 10% sodium dodecyl sulfate 

solution was added to the samples to extract pOVA from the 

nanocarriers, and the mixture was incubated at room tempera-

ture for 30 min. All samples were loaded into 1% agarose gel. 

The electrophoresis was performed for 45 min at 100 V. The 

pOVA bands were visualized under a UV transilluminator 

using a GelDoc system. Naked pOVAs with and without 

serum were tested under the same conditions as control.
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In vitro skin permeation studies
Preparation of Sprague Dawley rat skin
Sprague Dawley rats (females, 5–6  weeks of age) were 

purchased from the National Laboratory Animal Center, 

Mahidol University, Thailand. This study was approved 

by the ethics committee for the use of laboratory animals, 

Faculty of Pharmacy, Silpakorn University (approval number:  

002/2015). The experiments were conducted in accordance 

with the Animals for Scientific Purposes Act, 2015, pro-

vided by the Animal Care and Use Committee of National 

Research Council of Thailand. The hairs on the backs of 

the mice were shaved with electric clippers. Afterward, the 

upper part of the full-thickness skin was carefully excised 

from the dorsal region of the rats under anesthesia with intra-

peritoneal injection of sodium pentobarbital (100 mg/kg). 

The fat layer of the skin was carefully removed. The pre-

pared skins were washed with PBS (pH 7.4), wrapped in 

aluminum foil, stored at −20°C, and thawed immediately 

prior to use.

Assessment of Sprague Dawley rat skin integrity
The integrity of skin samples of Sprague Dawley rat was 

checked by an electrical resistance method, in which the 

voltage across the rat skin was measured using a multimeter 

(Fluke 177; Fluke Corporation, Everett, WA, USA) with 

Ag and Ag/AgCl electrodes when a small electric current 

(,80 µA) was applied across the membrane. The skin electri-

cal resistance was then calculated using the voltage and current 

readings. The selection criterion of skin samples with intact 

barrier function was skin electrical resistance $3 kΩ.32

Skin permeation studies
In vitro permeation studies of pOVA were performed using 

a vertical Franz diffusion cell. The Sprague Dawley rat skin 

samples were mounted on vertical Franz diffusion cells, 

with the epidermis side facing the donor compartment 

and the dermal side facing the receiver compartment; the 

apparatus was then affixed using clamps. The receiver com-

partment was filled with 6 mL PBS and stirred at 400 rpm 

using a magnetic stirrer. The temperature was maintained 

at 32°C±1°C using a circulating water jacket. The studies 

were carried out for 24  h under occlusive conditions to 

avoid evaporation. To investigate the cumulative permeation 

profiles, a 500 μL aliquot was withdrawn from the receptor 

at the time intervals of 0.5, 1, 2, 4, 6, 8, and 24 h, followed 

immediately by replacement with equal volumes of fresh 

PBS to maintain a constant volume. Untreated skin samples 

with and without pOVA were used as controls.

Skin permeation of different delivery devices
To evaluate the effect of the MN patches, the EP patches, 

and the combination of MN and EP patches, 1 mL pOVA 

(50 μg/mL) without cationic nanocarriers were added to the 

donor compartment. In skin permeation experiments using 

the hollow MNs, the pOVA solutions alone were directly 

injected into the skin with the same concentration of pOVA. 

The experiments were performed in 5 parallel groups: 

1) passive delivery, 2) MN patches alone, 3) EP patches 

alone, 4) MN+EP patches, and 5) hollow MN.

For the skin permeation experiments using the MN patch, 

the skin was pierced using the MN patch. A plastic container 

weighing 10 N was placed on the MN patch and left on the 

skin for 2 min.29,33 For the skin permeation experiments using 

the EP patch, EP was applied using a square-wave pulse 

generator (ECM 830 Electro Cell Manipulator; BTX, San 

Diego, CA, USA). The EP patch consisting of 25 blunted 

acupuncture needles connected with copper wire was used 

as an electrode to eliminate the effect of the needle. The 

skins were pre-treated with the EP patch at a pulse voltage of 

150 V. The pulse duration and number of pulses were fixed 

at 1 ms and 99 pulses, respectively.

The skin permeation experiments using the combination 

of the MN and EP patch: a patch composed of 25 acupunc-

ture needles connected with copper wire was used as an 

electrode. The skin was punctured using the MN+EP patch 

with a force of 10 N for 2 min. Pulse voltages at 150 V were 

transferred to the skin using a pulse generator via conditions 

similar to those described earlier.

For the skin permeation experiments using the hollow 

MN, 100 µL of pOVA solution was injected directly into 

the skin with 10 injections per skin sample and manu-

ally delivered by applying gentle finger pressure to the 

syringe plunger.

Skin permeation of pOVA with cationic nanocarriers
To study the effect of cationic nanocarriers on skin per

meation, hollow MNs were chose to deliver cationic 

nanocarrier:pOVA complexes into the skin using the best 

device. The effects of various cationic nanocarriers were 

investigated, including PEI:pOVA at the weight ratio (w/w) 

of 1:1, Lipofectamine 2000:pOVA at a ratio of 2:1, and 

Superfect:pOVA at a ratio of 6:1, as these weight ratios pro-

vided the highest transfection efficiency in the HeLa cells. 

The pOVA complexes with different cationic nanocarriers 

were injected directly into the skin. The volume of solution 

applied was kept constant at 100  µL with 10 injections  

per skin sample.
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Quantitative assay
The amount of pOVA diffused into the receiver compart-

ment was quantified via a Quant-iT™ PicoGreen assay and 

Fluoroskan Ascent™ Microplate Fluorometer (Thermo 

Fisher Scientific, MA, USA) with an excitation wavelength 

of 480 nm and an emission wavelength of 520 nm. In case 

of the samples containing the nanocarriers, 10% sodium 

dodecyl sulfate solution was added to the samples to extract 

pOVA from the nanocarriers, and the mixture was incubated 

at room temperature for 30 min before being stained with 

a Quant-iT™ PicoGreen. As a control, the permeation of 

pOVA through intact skin at various time intervals (0.5, 1, 2, 

4, 6, 8, 12, and 24 h) was also evaluated. The concentrations 

were calculated using a calibration curve.

Immunization study
Female BALB/c mice, 6–8 weeks at the start of the experi-

ment, were obtained from the National Laboratory Animal 

Center, Mahidol University, Thailand. The mice (n=6 

animals per group) were housed in a temperature-controlled 

room (25°C±2°C) in a 12-h light–dark cycle. Mice were pro-

vided free access to food and water. The mice were divided 

into 10 groups; naïve group received sterile normal saline 

as a negative control, and the other groups were immunized 

with different pOVA formulations and routes as described 

in Table 1. The mice in all groups were immunized on 

days 0 and 14.

For the hollow MN immunization, the mice were anesthe-

tized by intraperitoneal injection with sodium pentobarbital 

(40 mg/kg). The dorsal sides of the mice were shaved using 

electric clippers followed by an electric razor. The shaved 

skin was gently swabbed with 70% ethanol and allowed 

to dry. The mice were immunized 2 times with 100 µL of 

different pOVA formulations (100 µg/mL of pOVA) into 

the superficial dermal layer with hollow MNs fixed at a 

40° angle, as described earlier. The safety of the mice was 

evaluated by assessing the mouse skin sites for signs of skin 

bleeding and infection.34

For the SC immunization, conscious mice were immu-

nized subcutaneously in the neck region.

Sample collection
On day 0, blood samples (0.2 mL per animal) were collected 

from the cut tail tip. At the end of the study (day 21), blood 

(0.6–1 mL per animal) collection was performed by cardiac 

puncture following anesthesia of the mice with diethyl ether. 

The blood samples were left to clot overnight and were then 

centrifuged at 8,000× g for 5 min at 4°C. For tail bleeds, the 

serum was collected and pooled for each group of mice. The 

serum collected via cardiac puncture from each mouse was 

stored separately. All serum samples were stored at −20°C 

until assayed.

Determination of serum antibody responses
The levels of OVA-specific serum IgG antibody were 

analyzed according to the standard ELISA protocol. 

Briefly, 96-well microtiter plates were coated with 50 µL of 

100 µg/mL OVA in coating solution (0.1 M NaHCO
3
, pH 8.2) 

at 4°C overnight. The plates were then washed 3 times with 

0.05% (v/v) Tween 20 in PBS (T20/PBS) and blocked 

with 200 µL of 10% (v/v) FBS in PBS (10 FBS/PBS) for 

2 h incubation at room temperature. After washing 6 times 

with T20/PBS, the plates were incubated with 200 µL seri-

ally diluted serum samples in 10 FBS/PBS for 1 h. For the 

standard curve, an OVA-specific monoclonal antibody at a 

concentration of 100 ng/mL was diluted with 10 FBS/PBS 

in the ELISA plates, resulting in a series of concentrations 

ranging from 100 to 1.56 ng/mL. The plate was then washed 

Table 1 Immunization of pOVA in each mice group (n=6)

Mice groups Formulations Route of 
administrations

Naïve 1 100 µL sterile normal saline SC
Naïve 2 100 µL sterile normal saline Hollow MN

SC 1 10 µg of pOVA in PBS, pH 7.4 SC

SC 2 PEI:10 µg of pOVA (1:1) in PBS, pH 7.4 SC

SC 3 Lipofectamine 2000:10 µg of pOVA (2:1) SC

SC 4 Superfect:10 µg of pOVA (6:1) in PBS, pH 7.4 SC

Hollow MN 1 10 µg of pOVA in PBS, pH 7.4 Hollow MN

Hollow MN 2 PEI:10 µg of pOVA (1:1) in PBS, pH 7.4 Hollow MN

Hollow MN 3 Lipofectamine 2000:10 µg of pOVA (2:1) in PBS, pH 7.4 Hollow MN
Hollow MN 4 Superfect:10 µg of pOVA (6:1) in PBS, pH 7.4 Hollow MN

Abbreviations: pOVA, plasmid DNA encoding ovalbumin; SC, subcutaneous; MN, microneedle; PBS, phosphate-buffered saline; PEI, polyethylenimine.
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6 times with T20/PBS and incubated with goat anti-mouse 

IgG HRP conjugate diluted to 1:4,000 for 45  min. After 

washing, bound antibody was detected using a TMB, and 

100 µL/well of 1 N H
2
SO

4
 was added to stop the reaction. 

The signal was quantified at 450  nm using a microplate 

reader (Universal Microplate Analyzer, Model AOPUS01 

and AI53601; Packard BioScience).

Statistical analysis
Every assay was measured using at least 3 replicate samples. 

The data were expressed in the form of the mean and standard 

deviation (mean ± SD). All data were statistically analyzed 

by one-way analysis of variance (ANOVA). In all cases, a 

P-value of ,0.05 was considered statistically significant.

Results and discussion
MN and EP patches and hollow MN 
characterization
The morphology of MN and EP devices used in these studies 

was evaluated. The MN patches were ∼900 µm in length and 

were arranged in 5 rows (Figure 2A). The blunted EP patches 

are shown in Figure 2B. The hollow MNs with a triangular 

silicone sheet were ∼300 µm of insertion depth into the skin 

layer (Figure 2C). In the previous study, we evaluated the 

surface of the MN-treated skin to ensure that the MN array 

can effectively breach the skin and create a hole.29

Characterization of cationic 
nanocarrier:pOVA complexes
The particle size and zeta potential were plotted against the 

weight ratios of the different cationic nanocarrier:pOVA 

complexes (Figure 3). The PEI:pOVA complexes were per-

formed at weight ratios of 0.25, 0.5, 1, 2, and 3. As shown 

in Figure 3A, the size of the PEI:pOVA complexes was 

dependent on the concentration of PEI used. The smallest 

particle size of the PEI:pOVA complexes was observed at 

a weight ratio of 1. Then, the particle sizes dramatically 

increased when the weight ratio increased from 2 to 3. 

Increasing the weight ratio of PEI resulted in higher posi-

tive charges, and the surface of complexes was positive at a 

weight ratio of 0.5–3 (Figure 3A). Because the weight ratio 

of the Lipofectamine 2000:pOVA complexes increased from 

1 to 5, the particle size of the complexes increased from 

300 to 600 nm, and the zeta potential of the complexes also 

increased from -10 to 60 mV. The positive charge of the com-

plexes was observed at the weight ratio of 2–5 (Figure 3B). 

In addition, increasing the concentrations of Superfect from 

2 to 15 resulted in larger complexes between 180 and 890 nm, 

and the zeta potential of the complexes increased from 

25 to 55 mV, as shown in Figure 3C. Although, the size of 

the Superfect:pOVA complexes was in the nanoscale range, 

there were very large sizes due to the dendrimer structure 

(hyperbranched macromolecules) or “tree-like” structure 

of Superfect.35

The zeta potential of the cationic nanocarrier:pOVA 

complexes is one of the important factors for DNA transfec-

tion because the zeta potential controls their DNA binding 

ability and the interaction between positive charges of the 

complexes and negative charges of the cell membranes. 

Therefore, to confirm the positive charge of the complexes, 

the complete complex formation was determined by aga-

rose gel retardation (Figure 4). The result showed the 

complete complex formation of the PEI:pOVA complexes 

at the weight ratio of 1–3 (Figure 4A), the Lipofectamine 

2000:pOVA complexes at a weight ratio of 2–5 (Figure 4B), 

and the Superfect:pOVA complexes at a weight ratio of 

2–15 (Figure  4C). As a result, these weight ratios of the 

different nanocarrier complexes show that the particle size 

was in the nanoscale range with a highly positive charge. 

The correlation of the charge and the weight ratios demon-

strated that the cationic nanocarriers were able to bind and 

neutralize the negative charge of pOVA. Therefore, it can be 

assumed that the optimal weight ratio of the PEI:pOVA com-

plexes was between 1 and 3, the Lipofectamine 2000:pOVA 

complexes at a weight ratio of 2–5, and the Superfect:pOVA 

Figure 2 Photographs (0.5×) of (A) MN patch or MN+EP patch, each with a height 
of ∼900 µm, (B) EP patch, each with a blunted array as an electrode, and (C) hollow 
MNs (bar =1 mm).
Abbreviations: MN, microneedle; EP, electroporation.
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complexes  at a weight ratio of 2–15. However, the best 

weight ratio must be chosen in the next study to yield the 

highest transfection efficiency for further study.

In vitro transfection efficiency
An effective gene delivery system should provide high trans-

fection efficiency. Therefore, we first tested the delivery of 

the pOVA-expressing ovalbumin protein. To evaluate the 

in vitro transfection efficiency, the complexes with different 

nanocarriers at various weight ratios were transfected into 

HeLa cells. It was found that the transfection efficiency 

of the complexes at all the weight ratios was significantly 

higher than naked pOVA transfection. The highest transfec-

tion efficiency of PEI, Lipofectamine 2000, and Superfect 

Figure 3 The particle size and zeta potential for varying weight ratios of (A) PEI:pOVA complexes, (B) Lipofectamine 2000:pOVA complexes, and (C) Superfect:pOVA  
complexes.
Abbreviations: PEI, polyethylenimine; pOVA, plasmid DNA encoding ovalbumin.

Figure 4 Gel retardation of (A) PEI:pOVA complexes, (B) Lipofectamine 2000:pOVA complexes, and (C) Superfect:pOVA complexes to confirm the positive charges of 
the complexes at different weight ratios.
Abbreviations: PEI, polyethylenimine; pOVA, plasmid DNA encoding ovalbumin.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

893

A combined approach of hollow MNs and nanocarriers

were observed for weight ratios of 1, 2, and 6, respectively 

(Figure 5). In comparison, the transfection efficiency 

decreased as follows: PEI (850±433 ng/mL) . Lipofectamine 

2000 (354±172 ng/mL) . Superfect (43±9 ng/mL). In the 

case of PEI, the highest transfection efficiency was obtained 

for a weight ratio of 1, while the transfection efficiency 

showed very low ovalbumin protein expression for increased 

PEI:pOVA weight ratios (Figure 5A). These results sug-

gested that the decreasing transfection efficiency may be due 

to the toxicity of high amounts of PEI. In addition, the results 

indicated that Superfect has the lowest transfection efficiency, 

which may be due to the large size of Superfect:pOVA 

compared with PEI:pOVA and Lipofectamine 2000:pOVA, 

as described earlier. To provide a high transfection  

efficiency, the size of the complexes should be ∼200 nm, 

which may have restricted their ability to enter cells via 

receptor-mediated endocytosis.36,37 As a result, the PEI:pOVA 

complexes at a weight ratio of 1, the Lipofectamine 

2000:pOVA complexes at a weight ratio of 2, and the 

Superfect:pOVA complexes at a weight ratio of 6 were 

selected to study the effect of different cationic nanocarriers 

using the best device (as evaluated in the following study), 

the hollow MNs, in an in vitro skin permeation study, and 

in vivo immunization study in mice.

Effect of cationic nanocarrier:pOVA 
complexes on cytotoxicity
Apart from the efficiency of nanocarriers for delivering DNA, 

cytotoxicity was also an important factor for DNA delivery. 

To assure the safety of the nanocarriers, an MTT assay 

was investigated in HeLa cell culture (Figure 6). The cell 

viability of the nanocarrier:pOVA complex-treated cells was 

compared with the untreated cells. Safe formulations should 

exhibit cell viabilities similar to those of untreated cells. 

As shown in Figure 6A, the viability of the cells transfected 

with PEI:pOVA complexes was observed to be concentration-

dependent. The cell viability significantly decreased when 

transfecting with lower (0.25:1) and higher weight ratios of 

complexes (2:1 and 3:1). The cell viabilities of PEI:pOVA 

complexes at the weight ratios of 3:1 were  ,80%. Cor-

responding to transfection efficiencies, the transfection 

efficiency of PEI:pOVA complexes decreased at high weight 

Figure 5 In vitro transfection efficiency in HeLa cells at varying weight ratios of (A) PEI:pOVA complexes, (B) Lipofectamine 2000:pOVA complexes, and (C) Superfect: 
pOVA complexes. 
Note: *P,0.05 compared between two 2 groups.
Abbreviations: PEI, polyethylenimine; pOVA, plasmid DNA encoding ovalbumin.
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ratio due to the increase in cytotoxicity of the complexes. 

In addition, the cell viability of Lipofectamine 2000:pOVA 

complexes significantly decreased when the weight ratios of 

Lipofectamine 2000 were increased (4:1 and 5:1) as shown 

in Figure 6B. In case of Superfect:pOVA complexes, there 

were no significant differences between cell viabilities at any 

weight ratios compared with control (Figure 6C). As a result, 

PEI:pOVA complexes were safe for use at the weight ratios of 

0.5:1 and 1:1, whereas Lipofectamine 2000:pOVA complexes 

were safe at the weight ratios of 1:1, 2:1, and 3:1.

Serum stability of pOVA in the cationic 
nanocarrier:pOVA complexes
The degradation of DNA by serum has been reported, and 

cationic nanocarriers have been used to protect DNA from 

nuclease degradation.30,38 Therefore, the stability of pOVA 

alone and different nanocarrier:pOVA complexes in the 

presence of 10% serum of BALB/c mice was evaluated. As 

shown in Figure 7, the DNA bands of the PEI:pOVA and 

Superfect:pOVA complexes in the presence of 10% serum 

were slightly faded; this may be because the nanocarriers can 

protect the pOVA from degradation by nuclease. However, 

the naked pOVA and Lipofectamine 2000:pOVA complexes 

in the presence of 10% serum were almost completely 

disappeared. This result suggested that the serum composi-

tion may interfere the property of Lipofectamine 2000:pOVA 

complexes.39

In vitro skin permeation studies
Skin permeation of different delivery devices
The skin samples used in this study were intact. The in vitro 

skin permeation profiles of pOVA without nanocarriers using 

the different delivery devices are illustrated in Figure 8A 

and C. The most enhanced effect on the skin permeation of 

pOVA was found for use of the hollow MNs, followed by 

MN+EP patch, the MN patch, and the EP patch. The cumula-

tive amounts of pOVA permeated through the skin over 24 h 

after using the EP patch, the MN patch, the MN+EP patch, 

and hollow MNs were 10-, 25-, 36-, and 64-fold greater 

than that of untreated skin (passive diffusion), respectively. 

Figure 6 Cell viability of HeLa cells after transfected with (A) PEI:pOVA complexes, (B) Lipofectamine 2000:pOVA complexes, and (C) Superfect:pOVA complexes at pH 7.4.
Notes: Each value was presented as mean ± SD of triplicate samples. *P,0.05 compared to control.
Abbreviations: PEI, polyethylenimine; pOVA, plasmid DNA encoding ovalbumin.
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Figure 7 Gel retardation assay.
Notes: Lane 1, DNA marker; lane 2, naked pOVA without serum; lane 3, naked 
pOVA in the presence of 10% serum of BALB/c mice for 6 h; lane 4, PEI:pOVA 
complexes (1:1) without serum; lane 5, PEI:pOVA complexes (1:1) in the presence 
of 10% serum; lane 6, Lipofectamine 2000:pOVA complexes (2:1) without serum; 
lane 7, Lipofectamine 2000:pOVA complexes (2:1) in the presence of 10% serum; 
lane 8, Superfect:pOVA complexes (6:1) without serum; and lane 9, Superfect: 
pOVA complexes (6:1) in the presence of 10% serum.
Abbreviations: pOVA, plasmid DNA encoding ovalbumin; PEI, polyethylenimine.

Figure 8 In vitro permeation profiles of pOVA across the skin with (A) various delivery devices: () untreated skin, () EP patch, () solid MN patch, () combined solid 
MN and EP patch, () hollow MN, (B) hollow MN: () naked pOVA, different cationic nanocarriers, including () PEI:pOVA complexes, () Lipofectamine 2000:pOVA 
complexes and () Superfect:pOVA complexes, (C) the cumulative amount at 24 h of all groups. 
Notes: *P,0.05 compared to untreated skin. **P,0.05 compared between 2 groups.
Abbreviations: pOVA, plasmid DNA encoding ovalbumin; EP, electroporation; MN, microneedle; PEI, polyethylenimine.

The cumulative amount of pOVA in the treated skin using the 

MN+EP patch was 3-fold higher than EP patch-treated skin 

and 1.5-fold higher than MN patch-treated skin. These results 

suggest that the combined MN and EP patch had a synergistic 

effect for the transdermal delivery of pOVA because MNs 

and EPs exhibit different mechanisms of action for enhanc-

ing skin permeation. The combination of both methods can 

enhance the skin permeation of pOVA by first breaking the 

stratum corneum barrier due to use of the MN patch to create 

large microchannels. Then, an electric current stimulates 

aqueous pore formation by rearranging the lipid bilayer in the 

cell membranes resulting in a temporary increase in porosity 

and prolonging the duration of pore opening.29 Moreover, 

it can provide a local driving force for pOVA through the 

pores.27,28 Therefore, the combination of MNs and EPs was 

more effective than using each device alone. These results 

were consistent with the findings of previous studies by 

Yan et al28 and Petchsangsai et al,29 which indicated that the 
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combined devices significantly enhanced the skin permeation 

of macromolecules compared with individual methods.

In addition, the cumulative amount of pOVA using the 

hollow MNs was 2.6-fold and 2-fold higher than that of 

the MN patch alone and the MN+EP patch, respectively. The 

mechanism of hollow MNs depends on the “poke and flow” 

approach;21 similar to conventional injection, it can improve 

the transdermal delivery of pOVA by providing the pressure to 

push the pOVA solution into the skin. Moreover, an important 

advantage of hollow MNs over MN patches is the possibility 

to facilitate force-driven fluid flow, thereby allowing faster 

rates of drug delivery.21,40–42 Compared to MN+EP patches, 

the hollow MNs had a significantly superior enhancing effect. 

Therefore, hollow MNs were chosen to study the effect of 

various types of nanocarriers on in vitro skin permeation, as 

they showed a superior enhancing effect.

Skin permeation of pOVA with cationic nanocarriers
The effects of nanocarriers, including PEI, Lipofectamine 

2000, and Superfect complexed with pOVA (50  µg), on 

skin permeation using the hollow MN device were investi-

gated. Although the nanocarrier:pOVA complexes slightly 

improved skin permeation in comparison with pOVA without 

a nanocarrier, there were no significant differences between 

the cumulative amounts at 24 h (Figure 8B and C). Although 

the size of the PEI:pOVA complexes at the weight ratio of 1:1 

was the smallest (230±7 nm), followed by Lipofectamine 

2000:pOVA complexes at the weight ratio of 2:1 (380±3 nm) 

and the Superfect:pOVA complexes at the weight ratio of 

6:1 (890±37 nm), respectively, all of the complexes could 

pass through the skin into the receiver solution in similar 

amount. These might be because the pOVA had already 

been in the dermis by using hollow MNs; therefore, there 

was no significant effect of the size of the complexes on the 

skin permeability.

In vivo immunization study
To confirm the effect of nanocarriers on improving skin 

immunization, IgG antibody responses were investi-

gated in mice after a second immunization with different 

pOVA formulations and routes (Table 1) by measuring 

the plasma concentration of OVA-specific antibodies. The 

results revealed that the levels of IgG in the mice immunized 

via a hollow MN were significantly higher than the levels for 

the SC immunization, as shown in Figure 9. The highest IgG 

responses were observed in the PEI:pOVA complexes fol-

lowed by the Superfect:pOVA complexes, the Lipofectamine 

2000:pOVA complexes, and naked pOVA, respectively. 

Compared to naked pOVA, cationic nanocarrier:pOVA 

complexes significantly increased the immune responses. 

Upon injection of naked DNA to activate protein expression 

in vivo, it was found that within 90 min of injection, 99% of 

the injected naked DNA was degraded by endonuclease in the 

skin.43 As a result, naked DNA may be rapidly degraded by 

endonuclease in the skin before transcription and translation 

to induce protein expression in the cells. The IgG levels in the 

PEI:pOVA complexes were 2.6 and 1.4 times significantly 

higher than the Lipofectamine 2000:pOVA complexes and 

Superfect:pOVA complexes, respectively. In case of PEI, PEI 

with a high molecular weight (branched PEI, 25 kDa) was 

used in this study, as it exhibited high transfection efficiency 

due to efficient endosomal escape.44 It had a ratio of primary 

to secondary to tertiary amines of 1:2:1, which it could be 

protonated in a physical environment. PEI has a strong buff-

ering effect over a wide physiological pH range (the proton 

sponge effect) because PEI escapes from the endosome and 

facilitates the intracellular trafficking of pDNA.45 In contrast 

with Lipofectamine 2000:pOVA complexes, the results 

showed the lowest level of IgG responses, which were likely 

due to the major disadvantages of cationic lipids in in vivo 

use. This result corresponds to the finding from the serum 

stability study, Lipofectamine 2000:pOVA complexes were 

degraded in the presence of 10% BALB/c mice serum. The 

lipoplexes were unstable upon aggregation in the in vivo envi-

ronment, especially in serum-containing environment due to 

the destabilization of vesicles, resulting in pDNA leakage 

from the carriers before reaching the target cells.28 In the case 

Figure 9 Antibody titers of serum IgG obtained from mice 21 days after vaccination 
with pOVA by () a hollow MN or () an SC injection (n=6). 
Notes: *P,0.05 compared to naïve group. **P,0.05 compared between 2 groups.
Abbreviations: IgG, immunoglobulin G; pOVA, plasmid DNA encoding ovalbumin; 
SC, subcutaneous; MN, microneedle; OVA, egg albumin; PEI, polyethylenimine.
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of dendrimers, although the in vitro transfection efficiency of 

Superfect at 24 h corresponded to the lowest level, there was a 

higher IgG level than Lipofectamine 2000. Pojo et al46 found 

that 48 h of exposure of the cell line dendrimers corresponded 

to ∼100% internalization efficiency of the tested concentra-

tions. Moreover, the accumulation of radiolabeled dendrim-

ers in mice was evaluated by Roberts et al,47 and dendrimers 

accumulated in several organs over 48  h. These findings 

suggest that accumulation might occur because the expression 

process of dendrimer complexes did not complete within 24 h, 

and thus, transfection durations .24 h may be required. As 

a result, superior immune responses were clearly observed 

using PEI. In addition to the method of antigen administra-

tion, the type of nanocarrier is also an important factor for 

the effective induction of immune responses.

Regarding the safety of this vaccination method, no skin 

infection or pinpoint bleeding at the site of injection was 

observed in any of the mice. According to many publications, 

there have been no reports on skin infection due to the use of 

MNs15 because the skin has defense mechanisms to protect 

itself from pathogens.6 Generally, MNs with lengths ,1 mm 

do not cause bleeding.31,48 These results showed that using 

hollow MNs could induce a stronger immune response than 

SC injections of pOVA, which revealed that the skin is a 

very suitable target site for immunization.

Conclusion
The purpose of the present study was to ascertain the effec-

tiveness of hollow MNs combined with nanocarriers for 

skin immunization with pOVA. We observed that the skin 

permeation and immune responses to pOVA relied on the 

type of MN and nanocarrier. Immunization of the skin with 

hollow MNs combined with PEI:pOVA complexes success-

fully enhanced skin permeation and induced the strongest 

IgG immune responses. Skin immunization with naked 

pOVA induced very low levels of IgG level. Immunization 

of mice with nanocarrier:pOVA complexes using the hollow 

MNs elicited significantly higher levels of serum IgG anti-

body responses compared to SC immunization, and no skin 

infection or pinpoint bleeding was observed. These immuno-

logical advantages, combined with safety benefits, revealed 

that hollow MN delivery of pOVA to the skin may offer an 

alternative method of skin immunization in the future.
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