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Purpose: This study aimed to develop green-synthesized gold nanoparticles (Au-NPs) conjugated with polyethyleneimine (PEI) to
overcome challenges in intracellular DNA vaccine delivery, focusing on enhancing cellular uptake and immune responses against the
human norovirus (HuNoV) GII.4 variants.

Methods: Au-NPs were synthesized using a citrate-ion-mediated green approach, with size and morphology analyzed via UV-vis
spectroscopy and transmission electron microscopy (TEM). Stability was evaluated through zeta potential measurements. PEI
conjugation was employed to modify surface charge. After in vitro evaluation of pDNA delivery efficiency and cytotoxicity in
HEK293 cells, PEI-coated Au-NPs loaded with a HuNoV GII.4 pDNA vaccine (AuPEI-NPs-pDNA) were assessed for the immune
responses in mice.

Results: UV-vis spectroscopy and TEM confirmed successful Au-NP synthesis. Zeta potential shifted from —31.38 mV to —20.60 mV,
reflecting stable but slightly reduced colloidal stability with larger sizes. PEI conjugation reversed surface charge to positive, enabling
100% transfection efficacy in HEK293 cells by day two without cytotoxicity. The AuPEI-NPs-pDNA induced significantly higher
NoV-specific IgG antibodies and T-cell responses compared to unmodified Au-NPs, highlighting the role of positive charge in
enhancing cellular uptake and immune activation. These results underscore PEI-coated Au-NPs as a biocompatible, efficient platform
for DNA vaccine delivery.

Conclusion: PEI-coated Au-NPs demonstrate exceptional potential as non-toxic, high-efficiency carriers for DNA vaccines, enabling
robust humoral and cellular immune responses. This strategy holds promises for advancing gene therapy and combating rapidly
evolving pathogens like HuNoV, with broader applications in targeted drug delivery.
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Introduction
Advancements in vaccine technology were increasingly focusing on DNA and RNA delivery vaccines, propelled by
exploring nano vehicle materials like Au-NPs (Au-NPs) to augment their efficacy. These microscopic structures offered
a versatile platform for optimizing vaccine delivery owing to their unique characteristics.”> Au-NPs, with their con-
trollable size, customizable surface chemistry, and high surface area-to-volume ratio, were presenting an attractive option
for improving DNA and RNA vaccine delivery.”* Their size allowed for precise manipulation, ensuring efficient cellular
uptake and biodistribution. Additionally, their surface chemistry could be tailored to enhance stability, target specific cell
types, or modulate release kinetics, offering unprecedented control over vaccine delivery dynamics.’

By encapsulating or adsorbing nucleic acids onto their surfaces, Au-NPs can shield the vaccine payload from enzymatic
degradation and immune recognition, thereby prolonging its circulation time in the body and enhancing its bioavailability.°®

Furthermore, the inherent biocompatibility of Au-NPs ensured minimal cytotoxicity and immunogenicity, making them safe
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carriers for in vivo applications.” Their ability to navigate biological barriers and penetrate cellular membranes facilitated the
efficient delivery of DNA vaccines to target cells or tissues, thereby eliciting robust immune responses. These features have
positioned Au-NPs as promising delivery vehicles for DNA-based vaccines.®

The green synthesis of Au-NPs via the Turkevich method offered a sustainable and environmentally friendly approach to
nanoparticle production.’ The use of biocompatible and non-toxic reagents made this synthesis method highly desirable for
various biomedical applications. Additionally, the Turkevich method produced Au-NPs with well-defined sizes and shapes,
which was crucial for ensuring uniformity and reproducibility in downstream applications.'® Furthermore, the surface
chemistry of Au-NPs synthesized could be easily modified to facilitate stable interactions with nucleic acids. This capability
made the Turkevich method ideal for creating surface bonds with nucleic acids, offering a versatile platform for applications
such as gene delivery, biosensing, and therapeutics.''*'

Polyethyleneimine (PEI) as a net-like polymeric network agent played a fundamental role in protecting nucleic acids
linked with Au-NPs."* By creating a positive charge surface, this polymer was forming a stable and favorable electrostatic
environment around negatively charged nucleic acids and protecting them from enzymatic degradation and immune
detection.'* This protective layer not only increases the stability and biocompatibility of the nucleic acid-Au-NPs complex
but also facilitates efficient cellular uptake and intracellular delivery. Furthermore, the cationic nature of PEI promotes
interactions with the negatively charged cell membrane, facilitating cellular internalization and endosomal escape, and
ultimately leading to increased transfection efficiency.'>'®

The research objectives of this study encompassed several key areas aimed at advancing the field of nucleic acid delivery
vaccines using Au-NPs and PEI. Firstly, the study sought to investigate the efficacy of Au-NPs as carriers for DNA-based
vaccines, focusing on their ability to enhance their bioavailability. This involved evaluating the stability, biocompatibility, and
cellular uptake of Au-NP-nucleic acid complexes in vitro and in vivo. Secondly, the study aimed to optimize the synthesis of
Au-NPs using the environmentally friendly Turkevich method, focusing on controlling size, shape, and surface chemistry to
facilitate stable interactions with nucleic acids. This involved characterizing the physicochemical properties of Au-NPs and
assessing their ability to form surface bonds with nucleic acids. Lastly, the research sought to elucidate the role of PEI as
a protective and enhancing agent for nucleic acid delivery using Au-NPs.

Materials and Methods

Materials

Synthesis Chloroauric acid trihydrate (HAuCly-3H,0: >99.9% trace metals basis), Sodium citrate trihydrate (=99.0%),
sodium carbonate (=99.5%), sodium hydrogen carbonate (=99.7%), and bovine serum albumin (BSA) (=98%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and polyethyleneimine HCI, Linear Mw 4000 (L-PEI HCI 4000)
was purchased from Polysciences, Inc. (400 valleys, Warrington, PA 18976). All glassware used in the syntheses was
thoroughly cleaned in aqua regia (HCl: HNO;z = 3:1 v/v), rinsed in ultrapure water (18.2 MQ-cm), and oven-dried
before use.

Cells and DNA Plasmids

HEK293 cells (ATCC: CRL-1573™) were used for DNA transfection using DNA-loaded Au-NPs. The cells were
maintained in RPMI 1640 Medium supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). Cells were regularly
tested for mycoplasma contamination to ensure reliability. DNA plasmid pMN-GIIL.4 encoding green fluorescence protein
(GFP) and human norovirus GII.4 capsid (VP1) proteins (Figure 1) was propagated in Escherichia coli DH50 and purified
using a Qiagen EndoFree Plasmid Maxi Kit (Qiagen, Germany). Plasmid purity and concentration were assessed using
a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA), ensuring an A260/A280 ratio of 1.8-2.0.

Preparation of Au-NPs (Au-NPs)

Briefly, 100 mL of 2.5 mm sodium citrate was heated to boiling in a 250 mL three-neck round-bottomed flask in
a glycerol bath. When the solution begins to boil, 1 mL of 20 mm HAuCl, was added under vigorous stirring. After
10 minutes, the color of the solution turned soft pink, indicating the formation of Au-NP seeds.'” For the growing steps,
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Figure | Map of the recombinant plasmid pMN-NoVGlII4. The plasmid harbors the gene encodes norovirus Gll.4 capsid proteins, regulated by the CMV promoter, and the
green fluorescence protein (GFP), regulated by the EF-la promoter.

the temperature of the solution was reduced to 90 °C, and 1 mL of 30 mm sodium citrate and 1 mL of 20 mm HAuCl,
were successively added. This process was repeated every 30 min for a total of three times, resulting in a new generation
of nanoparticles. After each interval, the sample was characterized to obtain information on the growth and size of the
nanoparticles. Once the first-generation reaction was completed, the sample was diluted by extracting 55 mL of the
sample and adding 53 mL of ultrapure water along with 1 mL of 30 mm sodium citrate.'®'* This defines the seeds of the
next generation of the Au-NPs, with which the same procedure being repeated for subsequent generations. The first
generation showed a bright red color, indicating the onset of NP nucleation, while the second to fourth generations
exhibited a stable red color that gradually darkened.

Preparation of PEl-Coated Au-NPs

The 4™ generation of Au-NP was used to prepare its complex with cationic PEI by stirring Au-NPs in a 1 mg/mL
solution of PEI (in 1 mm NaCl) for 30 minutes at room temperature (RT). The coated particles were purified by two steps
of washing with 1 mm NaCl and centrifugation at 13000 rpm for 10 min. The AuPEI-NPs were kept in 1 mm NaCl for
further characterization, as well as for in vitro and in vivo gene delivery assessment (Scheme 1).%°

Characteristics of Au-NPs and Gold Hybrid Polymer Nanoparticles

UV-visible spectra for all generated Au-NPs were obtained using an Agilent Cary 60 UV-visible spectrophotometer
(Agilent, Santa Clara, USA) measuring 300-800 nm. The hydrodynamic size and zeta-potential (ZP) of the Au-NPs were
evaluated at 25°C using a Malvern Zetasizer Nano ZS-90 (Malvern, UK). Transmission electron microscopy (TEM,
JEM-1200EX, JEOL Ltd., Tokyo, Japan) was used to determine the size and morphology of Au-NPs. Au-NPs were
prepared by dropping a small amount of aqueous dispersion on copper grids, which were dried and then examined in the
TEM. The size of Au-NPs was initially measured using the ImageJ (Fiji) software. Subsequently, the final size and
distribution were statistically determined using SPSS-16 software.

Loading DNA Plasmids on Au-NPs

DNA-loaded nanoparticles were prepared by mixing 4 pg of the DNA plasmid pMN-NoVGII4 with 400 pL of Au- or
AUuPEI-NPs in 1 mm NaCl solution, followed by a 30-minute incubation at RT with shaking at 900 rpm. Subsequently,
the DNA-loaded nanoparticles were precipitated at 6000 rpm for 10 minutes at RT and then washed with 1 mL of 1 mm
NaCl solution to remove unbound DNA. Finally, the particles were resuspended in 400 pL of 1 mm NacCl solution for
cell transfection.
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Scheme | An overview of the workflow used to crosslink polyethyleneimine (PEI) and plasmid DNA (pDNA) and then form a complex with Au-NPs (AuPEI-NPs-pDNA).

Plasmid Transfection of HEK293 Cells

The capability of the Au-NPs for in vitro gene delivery was assessed in HEK293 cells. To this end, HEK293 cells at 85%
confluency in RPMI medium supplemented with 10% (v/v) FBS were treated with 400 uL DNA-loaded Au- or AuPEI-
NPs at 37°C in a CO, incubator for 48 hours. The cells were monitored for green fluorescence protein expression, serving
as an indicator of successful DNA delivery into the cells, over a two-day period.

Mice Immunization

Eight-week-old Female BALB/c mice (four per group) were intramuscularly injected with 100 pg of DNA plasmid
pPMN-GIL4VPI1, or DNA-loaded Au-NPs or PEI-coated Au-NPs. PBS-injected mice served as negative controls. Mice
were inoculated three times at two-week intervals. Mice were sacrificed, two weeks after the last administration, and
NoV-specific immune responses were assessed in the immunized mice by ELISA and T-cell assay.

Antibody Titration by ELISA

Norovirus-specific serum IgG was measured in mice sera by a quantitative ELISA on 96-well plates coated with 2pg/mL
NoV capsid protein.?® To this end, after blocking with 5% milk powder in PBST (1xPBS containing 0.05% Tween 20) for
two hours, the wells were treated with 1:1000 diluted mice sera in 1xPBS. After 2 h incubation at RT and subsequent
washing steps (5%) with PBST, the wells were treated with HRP-conjugated anti-mouse secondary antibody for 1 hour at RT.
Following another round of washing (5x), bound antibodies were detected by adding 100uL of TMB substrate solution at RT
in the dark. Once color development was achieved, the reaction was stopped, and the absorbance value was measured at 450
nm using the Infinite®™ 200 PRO microplate reader (TECAN, Switzerland). To quantify the serum IgG concentration against
NoV VPI protein, a standard curve was generated using a serial two-fold dilution of mouse IgG in 1xPBS.

Evaluation of T-Cell Responses by Flow Cytometer

Norovirus-specific T-cell responses were assessed in mouse splenocytes by intracellular cytokine staining (ICS) and flow
cytometry. Initially, splenocytes were isolated from mouse spleens in RPMI medium using 100 um cell strainers. After
lysis the red blood cells and the splenocytes were incubated with NoV VP1 pooled peptides at the final concentration of
1 pg/mL. As positive controls, the cells were stimulated with PMA and Inomycin with a final concentration of 400 and
5 pg/mL, respectively. One hour later, the cells were blocked with brefeldin A (BFA), and the incubation continued for an
additional 16 hours. Subsequently, the overnight-stimulated cells were harvested and stained with a fixable viability dye,
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0aCD4-PE and aCD8-Pacific Blue antibodies in FACs buffer (500 mL PBS + 5 mL FCS), before fixing and permeabiliz-
ing using the cytofix/cytoplasm solution (BD Bioscience). Intracellular cytokines were then stained using anti-INF-y-
FITC, anti-IL2-APC, and anti-TNFa-PeCy7 antibodies in 1x Perm/Wash buffer. After a 25-minute incubation on ice, the
cells were washed with 1x Perm/Wash buffer and then with FACs buffer, before applying them to the FACs machine for
analysis.”’

Statistical Analysis
The statistical significance of the data was assessed by one-way ANOVA using GraphPad Prism 9.5.0. The threshold for
statistical significance was set at p < 0.05. The results were presented as means + standard deviation of the mean.

Results and Discussion

The synthesis of the Au-NPs was performed according to the Turkevich protocol, as illustrated in Figure 2. The Turkevich
method is a well-established method that balances simplicity and control over particle characteristics. This method typically
involves the reduction of gold ions in solution, often using trisodium citrate as both a reducing agent and a stabilizer. It is
popular for its reproducibility and the relatively uniform size of the nanoparticles it produces. The observed color change
from bright red in the first generation to progressively darker red in subsequent generations (2" to 4™) was noteworthy.?*
The color of Au-NPs in solution results from their size and the inter-particle interactions, a phenomenon known as surface
plasmon resonance (SPR).** A bright red color generally indicates smaller nanoparticles, while larger particles tend to
exhibit a blue or purple color due to a shift in the SPR peak. The shift from bright to darker red could suggest a gradual
increase in particle size and change in the distribution of sizes with each generation, possibly due to the stabilizing
properties of the citrate ions or other environmental factors during synthesis. The stability of these nanoparticles is crucial
for such applications, as unstable particles could aggregate or react in the cellular environment, leading to inconsistent
results or potential cytotoxicity. For this reason, the 4™ generation of Au-NPs with the highest stability was used for the

generation of PEI-conjugated Au-NPs and the evaluation of their potential for in vitro and in vivo gene delivery.

~ ‘ _ W bArh

Au-NPs (21) Au-NPs (3) Au-NPs (4t
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Figure 2 Diagrammatic representation of the synthesis process of Au-NPs by the Turkevich method.
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Ultraviolet-Visible Spectroscopy Analysis (UV-Vis)

The presence of Au-NPs is confirmed by UV-vis spectra in Figure 3. The UV-vis spectrum provided a valuable tool for
investigating the properties of Au-NPs. In this experiment, the UV-vis spectrum was utilized to monitor the growth of
Au-NPs through gradual growth using citrate ions. The spectral analysis revealed a distinct red shift, indicating
a progressive increase in the size of the NPs as the reaction progressed. At the inception of the reaction (1%), the UV-
vis spectrum exhibited a peak wavelength of 524 nm with low absorbance.** This observation suggested the formation of
primary nuclei of NPs, as the absorption of light by these nuclei was relatively weak. The color of the reaction also
changed from yellow to bright red, which further confirmed the presence of Au-NPs. With the advancement of the
growth process (2“d), the peak wavelength shifted slightly to 520 nm. However, the absorbance improved, indicating that
the NPs became larger and more dispersed.*” The spectral peak also sharpened, suggesting a higher degree of uniformity
in the size distribution. In the 3" generation, the peak wavelength further shifted to 527 nm, indicating a continued
increase in the size of the NPs. However, the absorbance decreased compared to the 2" generation.?>*

The observed shift in the peak wavelength from 524 to 530 nm in the UV-vis spectra of Au-NPs across generations
indicates a redshift, consistent with an increase in nanoparticle size. Initially, this shift suggested increased agglomera-
tion, reducing optical efficiency. However, as synthesis progressed to the 4™ generation, the consistent peak at 530 nm
and improved absorbance hinted at reduced aggregation and enhanced uniformity. The solution’s deepening red hue
further aligned with the size-dependent color changes in Au-NPs. These trends, in line with Mie theory, suggest that the
larger Au-NPs exhibit a red shift due to more pronounced absorption at longer wavelengths.?” This UV-vis spectral

analysis effectively highlights the gradual growth of Au-NPs, validating the use of spectroscopy to monitor nanoparticle
development and their size-related characteristics.
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Figure 3 UV-vis spectra of Au-NPs prepared using the Turkevich method across various generations show a peak wavelength shift from 524 to 530 nm.
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Transmission Electron Microscopy (TEM) Analysis

Transmission Electron Microscopy (TEM) was utilized to analyze the morphology and size of Au-NPs created through
the Turkevich method, with an emphasis on their citrate-driven growth process. TEM imaging confirmed the spherical
morphology of the Au-NPs, indicative of their successful synthesis. A steady increase in the average diameter of these
nanoparticles was observed, from 14.06+1.56 nm in the first generation to 25.75+3.03 nm, 28.614+2.94 nm, and 31.52
+3.45 nm in the second, third, and fourth generations, respectively (Figure 4).®* This size escalation mirrored the
expected growth trajectory over the generations. The measured sizes from TEM closely correlated with predictions from
Mie’s theory and particle size analysis, reinforcing the synthesis’s efficacy. Notably, the second and fourth-generation
Au-NPs showed minimal aggregation and possessed the most desirable morphology, suggesting these generations as
optimal for achieving high-quality nanoparticles.”® Consequently, Au-NPs from these generations were chosen for further
studies, considering their uniformity, spherical shape, and optimal morphology. This TEM analysis sheds light on the
controlled growth of Au-NPs in this synthesis approach.

Zeta Potential, and Average Size for Au-NPs
Measurement techniques for zeta potential ({-potential), such as electrophoretic mobility analysis and dynamic light scatter-
ing, are integral in characterizing NPs dispersions and assessing their colloidal stability. These measurements are critical for
applications in drug delivery, imaging, and catalysis, where long-term stability of NP dispersions is essential for controlled
release, precise targeting, and effective reaction rates. An investigation into the optimized {-potential and mean particle size of
four generations of Au-NPs was conducted using the Turkevich synthesis protocol. The results, as detailed in Figure 5A,
revealed that each generation of Au-NPs had a negative (-potential, which incrementally increased with each synthesis step.
The average (-potentials for the first to fourth generations were —31.38, —27.96, —21.85, and —20.60 mV, respectively.3 9 These
figures suggest a relatively stable NP dispersion, with a slight decrease in stability due to increased particle loading.
Furthermore, the average size of the Au-NPs was observed to increase with each generation: 29.66 nm, 34.49 nm,
42.83 nm, and 52.09 nm, respectively (Figure 5B). This trend illustrates a significant correlation between the increasing
size of NPs and the reduction in the absolute value of their surface charge in each successive generation.>' Therefore, the
observed trend of increasing particle size and decreasing {-potential across the generations in the synthesis of Au-NPs

can be linked to the higher production rates associated with larger particles.

Zeta Potential Analysis of PEI-pDNA-Au-NPs

Due to its negatively charged, direct delivery of DNA plasmids into cells is challenging. To overcome this obstacle, DNA can be
conjugated into nanocarriers and or cationic polymers, which possess a positive surface charge. This modification alters the
overall charge of the DNA-nanocarrier complex, making it compatible with the negatively charged cell membrane and enabling
efficient cellular uptake. Although Au-NPs offer promising properties for intracellular delivery, their negatively charged surface
can hinder their efficient interaction with cells.** To address this challenge, a common approach involves conjugating Au-NPs to
positively charged polymers, such as PEI, which can modify the overall charge of the NPs-DNA complex to a positive value
(PEI-pDNA-Au-NPs). This positive charge enhances the electrostatic interaction between the conjugate and the negatively
charged cell membrane, facilitating cellular uptake and intracellular delivery of the cargo. Additionally, positively charged PEI
can further protect the encapsulated DNA from degradation by cellular nucleases, ensuring the delivery of intact and functional
genetic material. By modifying the surface charge of Au-NPs with positively charged polymers, researchers can significantly
improve their ability to deliver therapeutic molecules and gene editing tools into cells, paving the way for novel applications in
drug delivery and gene therapy.>* Figure 6a showed that the 4™-generation Au-NPs with a negative surface charge (—20.62 mV)
were changed to a positive charge (+31.30 mV) when conjugated with a PEL** Additionally, when plasmid DNA was linked with
PEI and placed in the vicinity of Au-NPs (PEI-pDNA-Au-NPs), its surface charge became positive (+27.25 mV), but this value
was less than the surface charge of PEI-Au-NPs, likely due to the interaction between the negatively charged plasmid DNA and
the Au-NPs. This suggested that the surface charge of the PEI-Au-NPs complex was influenced by the presence of negatively
charged plasmid DNA (Figure 6b).>>°
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Figure 4 TEM images and their respective histograms illustrate the sequential stages of Au-NP synthesis via the Turkevich method. These representations capture the four
progressive steps (A-D) in the nanoparticle growth process.
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Figure 6 Zeta-potential values of 4th-generation Au-NPs linked with PEI (a). And PEI-Au-NPs conjugated with plasmid DNA (b). PEI conjugation significantly shifts the zeta
potential towards positive values, indicating an increase in the surface charge of Au-NPs. This positively charged surface facilitates electrostatic interaction with the negatively
charged cell membrane, promoting cellular uptake of the PEI-Au-NPs and PEI-pDNA-Au-NPs complex.

DNA Delivery in vitro Using Au-NPs

The primary aim of this study was to generate Au-NPs as an efficient DNA delivery system in eukaryotic cells. Here, we
utilized a DNA plasmid encoding capsid protein of HuNoV GII.4 genotype, responsible for a significant number of acute
gastroenteritis cases worldwide.”” To assess this, both Au- and PEI-coated Au-NPs were assessed for their ability to
deliver DNA plasmids into HEK293 cells.>® The DNA plasmid pMN-NoVGII4 carries a GFP gene, allowing the
screening of successful delivery of DNA plasmid by observing GFP expression under fluorescence microscopy, as
depicted in Figure 7.>° Significant protein expression was detected on day one post-transfection in the cells treated with
DNA-loaded AuPEI-NPs, reaching 100% transfection efficacy by the second day. In contrast, in the cells treated with
Au-NPs, a much lower proportion of green cells were detected, reaching approximately 30% of the cells two days post-
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AUuPEI-NPs Au-NPs
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Figure 7 In vitro delivery of pDNA plasmids using Au-NPs and AuPEI-NPs. HEK293 cells were employed to assess the capability of Au-NPs for gene delivery in vitro. The
cells were transfected with pDNA-loaded Au-NPs and AuPEI-NPs, and successful pPDNA delivery was monitored over two days by observing green fluorescence protein
under a fluorescence microscope.

transfection.*® Notably, both nanoparticles showed no cytotoxic effects on the transfected cells during the experiment,
indicating the safety aspect of the nanoparticles. These results highlight the potential of AuPEI-NPs for efficient delivery
of DNA plasmids into eukaryotic cells.*'

Efficient Delivery of DNA Plasmids Loaded on AuPEI-NPs in Mice

The main objective of this study was to evaluate the efficacy of Au-NPs as in vivo delivery vehicles for the DNA plasmid pMN-
NoVGIl4, intended as a potential DNA vaccine against the human NoV GIL4 genotype. To achieve this goal, both unmodified
Au-NPs and PEI-conjugated Au-NPs were tested for their ability to deliver DNA plasmid in vivo and elicit immune responses
against human NoV GIL4 in mice. The mice were injected with either DNA-loaded Au-NPs or DNA-loaded AuPEI-NPs
(Figure 8a), with PBS or the DNA plasmid alone serving as controls. To assess the enhanced stimulation of specific immune
responses following intramuscular administration of the DNA-loaded nanoparticles, serum samples were tested for NoV-specific
IgG antibodies as the indicator for humoral immunity.** The results, summarized in Figure 8b, demonstrated a significant
enhancement in DNA delivery and immunogenicity when Au-NPs were conjugated to PEIL. Mice injected with DNA-loaded
AuPFEI-NPs exhibited a superior immune response compared to those injected with DNA-loaded Au-NPs alone. This was
evidenced by the remarkably higher level of NoV-specific IgG antibodies in the serum samples (p < 0.001), indicating an
enhanced humoral immune response (Figure 8b).

Furthermore, analysis of T-cell responses through intracellular cytokine staining (ICS) and flow cytometry revealed
that PEI-coated Au-NPs also significantly improved the cellular responses. As shown in Figure 8c, in line with the results
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Figure 8 Evaluation of immune responses to pMN-NoVGII4 plasmid loaded on Au-NPs. BALB/c mice were tested for NoV-specific immune responses in intramuscular
immunization using DNA-loaded Au-NPs, as compared to DNA plasmid alone. After the last administration (a), immune responses were assessed in mice by ELISA for
antibody response (b) and intra-cellular staining in mice splenocytes for CD8+ and CD4+ T-cell responses (c). The star symbols indicate statistical significance, *p <0.05,

#p <0.01, **p <0.001.

for the antibody response, mice injected with DNA-loaded AuPEI-NPs exhibited higher frequencies of NoV-specific
CD8" and CD4" T cells producing IFN-y, IL,2 and TNF-a cytokines, compared to those injected with DNA-loaded Au-
NPs alone. These cytokines are crucial markers of T cell-mediated immunity, which is essential for robust and protective
immune response.'?

The enhanced immune responses observed with PEI-conjugated Au-NPs can be attributed to the positive surface
charge imparted by PEI, facilitating cell interaction and uptake of the nanoparticles.**** This enhances the delivery of
DNA plasmids into cells, thereby improving the expression of target antigen and subsequent immune responses. By
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promoting endosomal escape, known as the “proton sponge effect”, PEI also inhibits lysosomal degradation of the DNA-
loaded NPs, increasing gene expression.***> Consequently, PEI-coated NPs provide a reliable and controlled in vivo
delivery system for DNA-based constructs.

PEI is also known to have adjuvant qualities, which can activate immune cells such as T and dendritic cells, which are
crucial for both initiation and maintenance of immune responses to a target antigen.'*>® Previous studies have shown that
PEI, as adjuvant, boosting both innate and adaptive immune responses through activating interferon regulatory factor 3
(IRF3) pathway, resulting in the production of proinflammatory cytokines and type I interferons.*® PEI-formulated
vaccines also encourage B cells differentiation into plasma cells, maintaining sustained antibody production required for
long-term protection against target pathogen.*’

In contrast to PEI, lipid-based transfection reagents such as Lipofectamine have been shown to have high cytotoxicity and low
biocompatibility, as their cationic lipid composition disrupts cell membranes, resulting in hepatotoxicity and inflammatory
reactions when administered systemically.* ' This makes them inappropriate for gene delivery in vivo in human of animal
models, although they are effective for in vitro DNA/RNA delivery. Other NP-based systems including dendrimers, polymeric
nanoparticles, and viral vectors have been also investigated for gene delivery in vivo.*>>* While viral-based vectors show high
transfection efficiency, their safety issues limit their widespread application.”® Dendrimers and polymeric NPs, similar to PEI-Au
NPs, are nonviral delivery systems with adjustable characteristics, yet certain formulations show cytotoxic effects.”*> In contrast,
by combining the stability tunability of gold NPs with the high binding capacity of PEI to DNA constructs, PEI-coated Au-NPs
provide a distinct advantage over existing delivery systems, making it an effective vehicle for in vivo gene delivery.

Although our results proved the efficacy of PEI-coated Au-NPs in eliciting significant levels of immune responses in
mice, additional studies into their possible accumulation in animal organs, and long-term effects and ideal formulation
are recommended to guarantee their safety for use in clinical settings.

Conclusion

The present study successfully demonstrates the production and application of PEI-conjugated Au-NPs as an effective
in vitro and in vivo gene delivery system. Utilizing the Turkevich method, Au-NPs were produced with regulated size
and shape, which are critical for their stability and cellular uptake. The nanoparticles revealed a consistent rise in size
over production, with the fourth generation showing the best features for DNA delivery. Coating with PEI significantly
increased the transfection efficiency of Au-NPs in HEK293 cells. Furthermore, in vivo characterization demonstrated that
DNA-loaded PEI Au-NPs elicited strong B-and T- immune responses in mice, indicating the potential of PEI-coated AU-
NPs as a platform for DNA vaccine formulation.

These findings highlight the adaptability of PEI-coated Au-NPs for biomedical applications, particularly DNA-based
vaccine formulation. The capability of the nanoparticles in enhancing transfection efficiency and immune stimulation in
mice combined with their stability and tunability suggest the PEI-conjugated Au-NP as valuable tool for non-viral gene
delivery, not only for DNA-based vaccine formulation but also for a wide range of therapeutic applications. Overall, this
work provides valuable insights into the design of nanoparticle-based systems for DNA and gene delivery with potential
application in DNA-based vaccination and gene therapy in clinical settings.
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