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Abstract

The promise of DNA vaccines is far-reaching. However, the development of potent immunization 

methods remains a key challenge for its use in clinical applications. Here, an approach for in vivo 

DNA vaccination by electrically activated plasmonic Au nanoparticles is reported. The electrical 

excitation of plasmonic nanoparticles can drive vibrational and dipole-like oscillations that are 

able to disrupt nearby cell membranes. In combination with their intrinsic ability to focus and 

magnify the electric field on the surface of cells, Au nanoparticles allow enhanced cell poration 

and facilitate the uptake of DNA vaccine. Mice immunized with this approach showed up to 100-

fold higher gene expression compared to control treatments (without nanoparticles) and exhibited 

significantly increased levels of both antibody and cellular immune responses against a model 
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hepatitis C virus DNA vaccine. This approach can be tuned to establish controlled and targeted 

delivery of different types of therapeutic molecules into cells and live animals as well.

1. Introduction

DNA vaccination is a major revolutionary breakthrough in medicine.[1] None of the 

available standard immunization methods are entirely satisfactory for DNA vaccination due 

to lack of in vivo efficiency, poor reliability, and limited safety.[1,2] Nanostructures with 

multiple unique physicochemical properties provide a broad range of exciting opportunities 

in vaccine design and preparation. Recently, various classes of nanoparticles have been 

investigated, including silica nanoparticles, metal nanoparticles, carbon nanotubes, 

dendrimers, polymers, cyclodextrins, hydrogels, and semiconductor nanocrystals.[3,4] Nobel 

metal nanoparticles are particularly interesting due to its easy synthesis and modification, 

biocompatibility, and in vivo stability.[5,6] Up to date, they have been applied to the 

development of new vaccines against a wide range of pathogens and diseases, including 

foot-and-mouth disease virus, hepatitis B virus, human immunodeficiency virus-1, influenza 

A virus, West Nile virus, Streptococcus pneumoniae, Yersinia pestis, tetanus, malaria, and 

different cancers.[7–18] For such applications, metal nanoparticles proved to be a powerful 

tool for enhanced vaccine delivery and/or adjuvants to stimulate certain immune pathways, 

which might then enhance vaccine processing and improve immunogenicity.[7–18]

Plasmonic metal nanoparticles are highly conductive and have been described to possess 

very responsive and interactive behavior toward the electric field. This behavior can vary 

from dipole-like oscillations to complete migration of particles under certain electric 

conditions.[19–21] Thus, we anticipate that metal nanoparticles in a dielectric environment 

and under controlled electrical activation can be excited to physically facilitate the 

membrane poration of adjacent cells. In addition, metal nanoparticles are highly conductive 

and can act as “electrical antenna” to focus and magnify the electric field on the surface of 

cells, which additionally would maximize the chance of cell membrane permeability and the 

subsequent uptake of biomolecules.

Here, we introduce a DNA vaccination protocol based on using Au nanoparticles stimulated 

with short DC electric pulses to mediate a highly effective in vivo vaccination; we call 

“oscillating plasmonic nanoparticle-based vaccination” (abbreviation: OPN Vac). In this 

approach, a DNA plasmid was specifically designed with the whole sequence of hepatitis C 

virus (HCV) core gene, one of the most conservative genes in HCV and widely known as a 

promising candidate for therapeutic HCV vaccine.[22,23] Then, nonconjugated Au 

nanoparticles were coadministrated with DNA plasmids in tibialis anterior (TA) muscle of 

mice followed by an immediate short electric pulsing (50 ms in duration at 60 V) to activate 

Au nanoparticles and initiate their oscillation. The oscillation of nanoparticles together with 

their ability to focus and magnify the electric field increase the uptake of the DNA by 

myocytes, which directly enhance the expression level of the encoded core antigen and the 

generated immune responses against HCV (Figure 1).
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2. Results and Discussion

We initially synthesized Au nanoparticles of 5 nm (with variable surface charges −30, −10, 

and +0.1 mV), 50 nm (−45.8 mV), and 100 nm (−36.5 mV) in size. The synthesis and 

surface modification of Au nanoparticles were performed following the standard protocols 

(see Section S1, Supporting Information). The physicochemical and morphological 

characteristics of modified and unmodified Au nanoparticles were confirmed by several 

analytical techniques, including UV–vis spectroscopy, Fourier-transform infrared (FT-IR) 

spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS), and 

zeta potential techniques. The synthesized Au nanoparticles were spherical in shape with 

average diameters of 5.5 ± 1.4 nm, 47.8 ± 6.1 nm, and 104.2 ± 2.9 nm and with an 

acceptable size uniformity inferred from the results obtained by TEM and DLS techniques 

(Table 1; Figures S1–S6, Supporting Information). The surface modification of 5 nm Au 

nanoparticles with amino-thiol cysteamine (CA) decreasing negative surface charge of Au 

nanoparticles from −30.5 ± 6.322 mV of unmodified Au nanoparticles to −10.3 ± 3.141 and 

0.1 ± 3.901 mV when reacted with 0.5 and 1 M CA, respectively (Figure S6, Supporting 

Information).

The oscillatory motion of the prepared Au nanoparticles under an electric field and their 

interaction with live cells were monitored by a dark-field microscopy (DFM) system using a 

specifically designed electrophoretic chip (Figure 2a).[21] In this experiment, small aliquots 

of Au nanoparticle suspension prepared in 1x Tris acetate-EDTA (TAE) buffer were 

subjected to different voltages (20, 40, 60, and 80 V) at 25 °C. The suspended Au 

nanoparticles showed a highly dynamic electrophoretic behavior, which includes both small 

and large oscillations, and fast particle migration toward the positive electrode. The 

nanoparticles started to immediately move and rapidly oscillate after electric field 

application in a size-dependent manner and with rates that directly proportional to the 

strength of the applied electric voltage (Figure 2b,ci,ii). However, these oscillations were 

neither regular nor uniform and included both large and small displacement steps. Typical 

time-averaged trajectories during an oscillation period are presented in Figure S7 

(Supporting Information). On average, the smaller Au nanoparticles exhibited larger and 

faster oscillations, and the highest oscillation amplitude was observed to be 20.5 μm s−1 for 

5 nm Au nanoparticles. In addition, the physical interaction of electrically activated Au 

nanoparticles, and their internalization into viable Chinese hamster ovary (CHO-K1) cells 

was also visualized using the DFM system. A remarkable interaction of Au nanoparticles 

with living cells was observed. Figure 2d shows a single 100 nm Au nanoparticle electrically 

bombarded into a single CHO-K1 cell. Au nanoparticle was moving at an average speed of 3 

μm s−1 toward a freely moving CHO-K1 cell and was completely internalized into the cell 

within 8 s. It is worth noting that, this unique behavior of nanoparticles can significantly 

vary based on the type of cell and its electrical properties. However, the oscillation velocity 

of nanoparticles can be controlled through optimizing the morphology of nanoparticles and 

the strength of the applied electric field to suit different cell types, allowing efficient 

interactions and particle internalization into the cells.

Further studies using transmission and scanning electron microscopy (SEM) were conducted 

to evaluate the effect of the electrically activated Au nanoparticles on the cell poration. Au 
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nanoparticles were able to significantly enhance the cell poration when compared to control 

treatments without Au nanoparticles (Figure 2e–i; Figures S9 and S10, Supporting 

Information). This effect was typically dependent on the size of Au nanoparticles and 50 and 

100 nm Au nanoparticles were the most efficient, resulting in 59%–82% cell poration 

efficiency. 5 nm Au nanoparticles recorded a significantly lower cell poration efficiency of 

25.3% compared to control. Moreover, the number of cell membrane pores; their uniformity, 

and size distribution were directly correlated to the size of Au nanoparticles (Figure 2h,i). 

The presence of large 100 nm Au nanoparticles increased the size of cell membrane pores to 

more than 100 nm (Figure 2i). Interestingly, we observed that both the incidence and the 

position of pores were frequently correlated to the presence of Au nanoparticles on the 

surface of cells (Figure 2e,f; Figure S10, Supporting Information). In addition, TEM 

analysis confirmed an immediate internalization of Au nanoparticles into cells, which 

implies an efficient cell poration adequate for the uptake of nanoparticles and other nearby 

molecules (Figure 2e; Figure S11, Supporting Information). Further, this was verified with a 

pilot in vivo experiment using the standard luciferase assay in which luciferase plasmid 

(pLuc) was delivered into TA muscle of ICR-mice by the OPN Vac approach. The results 

showed a 20- to 100-fold increase in the level of pLuc expression over control treatments 

(without Au nanoparticles) (Figure S12, Supporting Information).

To evaluate the ability of Au nanoparticles to focus and amplify the electric field in muscle 

tissue, the distributions of electric field in the vicinity of Au nanoparticles were simulated 

using COMSOL Multiplysics (Mathworks, Natick, MA). We calculated the electric field 

intensities at computational domain defined to be a cubic shape with a dimension of 300 nm 

and the applied electric stimulus from the top and bottom surfaces. The results confirmed 

localized enhancement of the electric field around the surface of Au nanoparticles by a 

factor of 3 (Figure S8, Supporting Information). This focusing effect extended up to several 

nanometers from the surface of particles. The increase in size of nanoparticle results in 

increasing the focusing effect of the particle. The 5 nm nanoparticles were observed to focus 

the electric field to a distance less than 1 nm while larger particles of 50 and 100 nm showed 

a focusing effect of electric field extended to 10 nm that typically exceed the diameter of the 

adjacent cell membrane.[24,25]

We investigated the efficacy of our OPN Vac approach to induce potent immune responses 

against the tested HCV DNA vaccine (Table S2 and Figure S13, Supporting Information). 

The subsequent antibody and cellular immune responses were independently evaluated by 

enzyme-linked immunosorbent assay (ELISA) and enzyme-linked immunospot (ELISPOT) 

techniques, respectively (Section S1 and Table S2, Supporting Information). Table S2 

(Supporting Information) includes a summary of the different in vivo OPN Vac treatments. 

Generally, the presence of Au nanoparticles was accompanied by significantly elevated 

levels of both anti-HCV IgG and interferon-gamma (IFNγ) secreting T-cells over controls 

(without Au nanoparticles). However, the generated response usually increased with 

increasing the particle size and negative surface charge of particles. The large 100 nm Au 

nanoparticles that have a negative surface charge of −36.5 ± 2.6 mV induced the highest 

levels of both anti-HCV IgG and T-cells (Figure 3a,b). The antibody responses surprisingly 

appeared early at 2 weeks after immunization and maximally boosted to a level sevenfold 

higher than control by the end of immunization protocol (Figures S14 and S15, Supporting 
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Information), while the highest count of T-cells was 32 cells per well, surpassing control by 

18.6% (Figure 3b).

The histological changes in TA muscles due to OPN Vac treatments were investigated using 

hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) techniques (see the 

Experimental Section). H&E technique showed a noticeably prolonged inflammation (≥3 d) 

with large populations of inflammatory cells (e.g., macrophages, dendritic cells, 

lymphocytes, platelets).[26,27] Au nanoparticles without any electric pulsing elicited 

significant inflammation and large infiltrates of antigen presenting cells (APCs) compared to 

control (without treatments). This inflammation was even higher than the inflammation 

observed in muscle tissues treated with electric stimulus without nanoparticles (Figures 4 

and 5; Figure S16, Supporting Information). This effect of Au nanoparticles was directly 

correlated to their size, and larger nanoparticles of 50 and 100 nm in diameter had higher 

inflammatory activity compared to smaller Au nanoparticles of 5 nm in diameter. In 

addition, IHC analysis using CD68 and CD11c monoclonal antibodies revealed the 

induction of heavy infiltrates of macrophages and dendritic cells with different treatments at 

3 d after immunization, with positive cell counts in the range of 100–1000 cell per high-

power field (HPF) (Figure 5a,b).

We also evaluated the biodistribution and organ uptake of Au nanoparticles under the 

applied electrical stimulation to confirm their in vivo stability and lack of toxicity. Generally, 

no sign of toxicity or injury appeared on the tested mice during the entire 3 month study 

period. This is, in part, due to the effective and rapid removal of particles indicated by the 

inductively coupled plasma mass spectrometry (ICP-MS) profiling, which confirmed the 

active participation of several body organs, including liver and spleen to Au nanoparticles 

uptake and removal (Figure 6a).[28] It is worth noting that, the flow of Au nanoparticles from 

injection sites at TA muscles into other body parts and subsequent removal were typically 

relying on their size. The small 5 nm Au nanoparticles rapidly flowed to blood 24 h 

postimmunization to be systemically taken and removed by body organs, while larger 50 and 

100 nm nanoparticles were retained in tissues for longer periods (up to 3 days 

postimmunization), and phagocytosis of particles was observed by TEM (Figure 6b,c; 

Figure S17, Supporting Information).

In our OPN Vac approach, we attribute this high potency of the tested model DNA vaccine 

of HCV to the enhanced cell poration and increased internalization of DNA vaccine. The 

electrophoretic oscillatory motion of the nanoparticles combined with their intrinsic ability 

to enhance electric field increased the cell poration and influenced the formation of more 

uniform pores that were ten times larger compared to pores commonly created by electric 

pulsing only.[29] To the extent that large 100 nm Au nanoparticles have been shown to enter 

cells both in vitro and in vivo; therefore, it is easy to imagine a 3.5 kb plasmid DNA vaccine 

(≈70 nm in size)[30] to flow independently into the cell without being stretched or 

compressed. This, in turn, resulted in an increased level of antigen expression, which 

boosted the rate of antibody and T cell production. In addition, the inflammatory activity of 

Au nanoparticles observed in our results induced the influx of large number of APCs to the 

immunization sites that are known to play an important role in priming the in vivo immune 

responses.[31,32] In terms of size, negatively charged Au nanoparticles with large size 
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showed a significantly increased ability to improve cell poration. They are also better 

immunostimulant compared to smaller Au nanoparticles, which to an extent explain the 

significance of some particle parameters, such as particle size and surface charge in our 

approach. Furthermore, the increase in particle size reduces the rate of their self-clearance 

(≥3 d), causing a prolonged inflammation and higher numbers of APCs are ready to be 

primed by high levels of expressed antigens from the transfected myocytes. Despite this long 

retention time for the intramuscularly injected Au nanoparticles, there was no sign of 

toxicity on the tested mice during the whole protocol that extends for almost 3 months, 

which is in consistence with many recent reports about the in vivo safety and 

biocompatibility of Au nanoparticles.[33,34]

Here, we demonstrated an efficient and highly potent DNA vaccination against HCV with 

electrically activated plasmonic Au nanoparticles in vivo. Such strategy of using free 

plasmid DNA (pDNA) mixed with nanoparticles (not tethered) provides an important 

advantage over all other conjugation-based delivery methods of maintaining the original 

structure and conformation of pDNA. The conjugation of DNA plasmid either by 

electrostatic or covalent bonding usually alters the plasmid properties and its tight 

interaction to the surface of the delivery carrier limits its release after cell internalization. In 

addition, the developed large-sized plasmid-carrier complexes after conjugation are 

susceptible to endosomal degradation that can adversely affect the expression level of the 

target gene.[35,36] On contrary, pDNAs in our approach can freely flow into the cells by 

electromigration, allowing the highest possible expression level of encoded genes, which is a 

well-known bottleneck for DNA vaccination.[37,38] Although, several strategies have been 

successfully developed based on using high DNA concentrations or advanced delivery 

systems,[2,39] our method remains superior in terms of being simple and efficient. It 

completely eliminates the need for any modification step for the plasmid DNA or 

nanoparticles. One additional attractive advantage is that Au nanoparticles can permit an 

effective transfection at a considerably low electric field, helping to avoid harsh lysis and 

cell destruction due to Joule heating and irreversible electroporation, a major drawback of 

conventional or bulk electroporation.[40,41] Thus, the vaccinated tissues can recover faster, 

allowing rapid and more efficient DNA expression that can additionally improve the in vivo 

vaccination efficiency. Furthermore, the preparation and modification of Au nanoparticles is 

well developed and the properties of nanoparticles can be tuned together with the electric 

field properties to suit different types of cells and tissues for wide use and controlled 

applications.

3. Conclusions

We developed a highly efficient approach for DNA vaccination against HCV based on 

electrically stimulated Au nanoparticles in vivo. The refinement of this approach can permit 

controlled nonvehicle-based vaccine delivery through engineering the surface of metal 

nanoparticles with specific targeting moieties. Practically, loading the particles with a certain 

amount of biomolecules can be achieved and by adjusting the parameters of the electric 

field, the number of internalized particles can further be controlled, allowing smart and 

precise delivery into cells. The depth of electric field penetration into tissues is easy to be 

controlled using several commercially available devices. Hence, the field application of this 
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method in human can be either invasive or noninvasive using the suitable pulsing devices, 

which would additionally encourage the easy and widespread use of our developed 

approach. Moving forward, this platform can be adapted to mediate efficient in vivo delivery 

of other types of small therapeutic agents, such as peptides, proteins, DNA, miRNAs, and 

siRNA.

4. Experimental Section

Au Nanoparticles

Several Au nanoparticles with different sizes and surface chemistries were prepared 

following previously published protocols.[42–44] The synthesis and surface modification of 

Au nanoparticles were confirmed by different physical and chemical characterization 

methods, including TEM, FTIR, DLS, UV–vis, and zeta potential techniques. For detailed 

synthesis and characterization see Section S1 in the Supporting Information.

DNA Vaccine Constructs

DNA vaccine plasmid specific to HCV core gene was constructed using the basic molecular 

biology protocols (Figure S13, Supporting Information). The prepared plasmids were 

propagated in Escherichia coli and purified using endotoxin-free plasmid isolation kit. The 

isolated plasmids were characterized using UV–vis spectroscopy and gel electrophoresis 

techniques (Section S1, Supporting Information).

Cell Culture

CHO-K1 cell line was utilized to evaluate the effect of OPN treatment on cell poration and 

particle internalization. Cells were routinely cultured in 25 T-flasks containing 5 mL of 

Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum, and 

100 IU mL−1 penicillin/streptomycin. Cells were incubated at 37 °C in a humidified 

atmosphere, containing 5% CO2, and subcultured every 2 d to maintain the exponential 

growth phase.

OPN Vaccination Protocol

Optimized OPN protocol for DNA vaccination was conducted by applying six square-wave 

electric pulses, 50 ms in duration, and 1 s apart at a voltage of 60 V in the presence of 0.1 × 

10−9 M Au nanoparticles mixed with DNA plasmid. This protocol was conducted in vitro 

using Bio-Rad Gene Pulser Xcell (Bio-Rad Laboratories, Hercules, CA, USA) to deliver 

DNA plasmid into cells (1 × 106 cell mL−1 in phosphate buffer pH 7.2), and in vivo in ICR 

mice using TRESA-EPT machine (Section S1, Supporting Information). The subsequent 

responses of both cells and tissues were evaluated using several analytical techniques, 

including TEM, SEM, DFM, ICP-MS, and several immunological and histochemical 

analyses.

Electrophoretic Motion Analysis and Electric Field Simulation

The motion of electrically activated Au nanoparticles was studied using poly(methyl 

methacrylate) electrophoretic chip based system (Section S1, Supporting Information).[21] 
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The corresponding motions of Au nanoparticles were monitored using a dark-field 

microscope (microscope objective: 10×, IX71; Olympus, Tokyo, Japan) equipped with a 

CCD camera (Pro-microscan, OPLENIC). COMSOL Multiplysics (Mathworks, Natick, 

MA) was used to simulate the enhancement and focusing effect of the electric field around 

AuNP in the protocol. Details are given in the Supporting Information.

Histological and Histochemical analyses

Mice were euthanized at 0 and 3 d time intervals after DNA injection and OPN treatment. 

Hind limb tissues were collected and TA muscles were further removed, transected axially 

through the middle portion of muscle belly, and either paraffin-embedded for histological 

analysis or frozen to perform immunohistochemistry (Section S1, Supporting 

Information).[45] Slides were evaluated for the detection of tissue changes, inflammation, 

and the presence of specific antigen presenting cells.

Immunological Analyses

The immune responses, including both specific antibody- and cellular-mediated responses 

induced by different OPN treatments against HCV were evaluated using ELISA and 

ELISPOT techniques, respectively. For detailed protocols see Section S1 in the Supporting 

Information.

Pharmacokinetics and Organ Uptake

The distribution and accumulation of Au nanoparticles in different body organs were 

evaluated using ICP-MS assay. Both blood and other tissue samples were completely lysed 

in aqua regia, centrifuged, and total gold concentration was detected by ICP-MS (SCIEX 

ELAN 5000, Perkin Elmer) using the standard protocol (Supporting Information).

Statistical Analysis

Statistical analyses were performed by using GraphPad Prism software version 5.01 

(GraphPad Software, Inc. La Jolla, CA, USA). Data were analyzed by using the Mann–

Whitney U test, and differences between groups were considered significant when P values 

were not more than 0.05, and levels of significance were assigned as *P ≤ 0.05, **P ≤ 0.01, 

and ***P ≤ 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of OPN Vac approach. a) HCV DNA vaccine design and propagation: HCV core 

gene is propagated using a plasmid DNA (pDNA) vector of pVAX1. b) HCV core pVAX1 

DNA vaccine and Au nanoparticles coadministration: DNA vaccine is mixed with Au 

nanoparticles and injected into muscle tissue, and then activated by a gentle electrical (E) 

stimulus comprising of 6 short pulses, each 50 ms at 60 V. Au nanoparticles begin to vibrate 

and oscillate (up to 20 μm s−1), and simultaneously focus the electric field on their surface to 

nearly threefold higher compared to the average bulk electric field. c) Au nanoparticles-

mediated DNA vaccine in vivo delivery: the activated Au nanoparticles increase the cell 

membrane poration and directly facilitate DNA uptake by myocytes, which subsequently 

result in an increased antigen expression (up to 100-fold higher). d) Au nanoparticles induce 

the influx of supporting inflammation cues of monocytes, macrophages, and dendritic cells. 

The enhanced expression of target antigen concurrently in the presence of such large 

immune infiltrate helps to generate potent cellular and humoral immunity against the target 

pathogen.
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Figure 2. 
Au nanoparticles oscillation and cell poration analysis. a) Schematic of DC electrophoretic 

mobility assay of Au nanoparticles (AuNPs) using DFM system supported with a 

specifically designed poly(methyl methacrylate) (PMMA) chip. b) Representative DFM 

images of Au nanoparticles: (i) 50 nm AuNPs; (ii) 50 nm AuNPs under an electric field of 

60 V in 1x TAE. Scale bars are 100 μm. c) Oscillation rates of AuNPs: (i) AuNPs of 

different sizes (5, 50, 100 nm) under 20 V; (ii) 50 nm AuNPs under the effect of different 

voltages (20, 40, 60, 80 V). d) DFM imaging of the interaction of a single 100 nm AuNP 

with CHO-K1 cell under 20 V. The scale bar is 100 μm. e) TEM analysis of cell poration and 

particle entry into CHO-K1 cells: (i) 50 nm AuNPs on the surface of cell; (ii) 50 nm AuNPs 

in the cytoplasm of cells; (iii) steps (1–3) of AuNPs entry into the cells; (iv) the relation 

between the incidence of cell membrane poration and the presence of 100 nm AuNPs on the 

cell surface. Arrows are indicating clear ruptures in cell membrane frequently exist with the 

presence of AuNPs on the cell surface. CP, cytoplasm; PM, plasma membrane; NC, nucleus. 

f) SEM image of CHO-K1 cell poration with 100 nm AuNPs. The position of pores is 

related to the presence of AuNPs on the surface of cells, as indicated by arrows. g) Cell 

poration (%) as calculated from the number of porated cells to nonporated cells. h) Pore 
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number per cells. i) The size distribution and uniformity of pores. All error bars represent 

standard deviations.
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Figure 3. 
Efficacy of OPN Vac approach to generate specific immune responses against HCV DNA 

vaccine. a) Total anti-HCV core IgG measured by ELISA. b) The frequency of IFN-γ 
producing T-cells assessed by ELISPOT. Mice were immunized with 100 μg HCV core 

pDNA coadministrated with Au nanoparticles (AuNPs) of different sizes (5, 50, and 100 

nm) or with 5 nm AuNPs carrying different surface charges (−30, −10, and +0.1 mV) into 

TA muscles of ICR mice. Blood samples were collected at 2 week intervals for 3 months 

after the first dose. All mice in each group (n = 5) were euthanized at the end of the 

immunization course, and splenocytes were isolated from their spleens and stimulated in 

vitro with rCore protein to measure the number of cytokine secreting cells at the 

concentrations of 106 cells per well. The results are expressed as the average values of two 

independent experiments. All error bars represent standard deviations. *P < 0.05, **P < 

0.01, ***P < 0.001; ns, nonsignificant versus the corresponding control mice group (no Au 

nanoparticles), calculated using the Mann–Whitney test.
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Figure 4. 
Hematoxylin and eosin (H&E) staining of TA muscle tissue after OPN Vac treatments in 

mice. a) H&E analysis of muscle tissue in mice 3 days after receiving treatment with electric 

pulsing (EP) or Au nanoparticles (AuNPs) alone, compared to phosphate buffered saline 

(PBS) control: (i) representative sections of treated tissue; (ii) quantification of total 

inflammatory cells per HPF. b) H&E analysis of muscle tissues in mice 3 days after OPN 

Vac treatments using AuNPs of different sizes (5, 50, and 100 nm): (i) representative 

sections of treated tissue; (ii) quantification of total inflammatory cells per HPF. The scale 

bar is 100 μm. The results are expressed as the average values of two independent 

experiments. All error bars represent standard deviations. *P < 0.05, **P < 0.01, ***P < 

0.001; ns, nonsignificant versus the corresponding control mice (no Au nanoparticles), 

calculated using the Mann–Whitney test.
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Figure 5. 
Immunohistochemistry (IHC) analysis of TA muscle tissue after OPN Vac treatments in 

mice. a) IHC analysis of muscle tissue in mice 3 days after receiving treatment with electric 

pulsing (EP) or Au nanoparticles (AuNPs) alone, compared to phosphate buffered saline 

(PBS) control: (i) representative sections of treated tissue stained with mAb to CD86; (ii) 

quantification of total CD68+ cells per HPF; (iii) representative sections of treated tissue 

stained with mAb to CD11c; (iv) quantification of total CD11c+ cells per HPF. b) IHC 

analysis of muscle tissues in mice 3 days after OPN Vac treatments using AuNPs of different 

sizes (5, 50, and 100 nm): (i) representative sections of treated tissue stained with mAb to 

CD86; (ii) the number of CD68+ cells per HPF; (iii) representative sections of treated tissue 

stained with mAb to CD11c; (iv) the number of CD11c+ cells per HPF. The scale bar is 100 

μm. The results are expressed as the average values of two independent experiments. All 

error bars represent standard deviations. *P < 0.05, **P < 0.01, ***P < 0.001; ns, 

nonsignificant versus the corresponding control mice (no Au nanoparticles), calculated using 

the Mann–Whitney test.
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Figure 6. 
Biodistribution analysis and organ uptake of Au nanoparticles after OPN Vac treatments in 

mice. a) Blood circulation and quantitative organ uptake of Au nanoparticles (AuNPs) 3 

days post OPN treatment. The results are expressed as the average values of two 

independent experiments. All error bars represent standard deviations. b) Whole mounts of 

the lower part of the hind legs of mice 3 days after OPN Vac treatment (i), and spleen 1 day 

after OPN Vac treatment (ii). The images show normal organ morphology and the 

accumulation of AuNPs remained visible at the tested times. c) Signs of tissue interaction 

with AuNPs and its removal through phagocytosis observed by TEM in muscle tissues 3 

days after OPN treatment. The scale bar is 1 μm.
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Table 1

Chemical, physical, and morphological properties of Au nanoparticles used in this study. CA = cystamine 

hydrochloride.

Diametera) [nm] Ligand shell compositionb) DLS [nm] ζ Potential [mV] Particle morphology/Surface chemical structures

5.5 ± 1.4 Citrate 9.1 ± 3.2 −30.5 ± 6.322

47.8 ± 6.1 Citrate 60.2 ± 8.3 −45.8 ± 1.969

104.2 ± 2.9 Citrate 101.5 ± 3.6 −36.5 ± 2.635

5.5 ± 1.4 Citrate + 0.5 m CA 10.8 ± 1.378 −10.3 ± 3.141

5.5 ± 1.4 Citrate + 1 m CA 12.6 ± 2.048 0.1 ± 3.901

a)
Estimated from TEM;

b)
Estimated from the applied molar ratio in the surface modification reaction.
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