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Abstract. Cancer vaccines have the potential to initiate immunotherapy by utilizing antigens to
activate T cells for a targeted immune response. However, Existing drug delivery techniques
frequently face challenges such as low antigen delivering efficiency and potential toxicity which
impede the effectiveness of treatments. This study designed a gold nanoparticle-based
polyethyleneimine (PEI)-modified nanoparticle (AuNP-PEI) following the Turkevich method.
Briefly, trisodium citrate dehydrate solution (3%, 1 mL) was added to hydrogen tetrachloroaurate
(1) trihydrate (HAuCl4-3H20) solution (0.25 mM, 100 mL) and stirred for 10 min to form
AuNP, then PEI solution (2%, v/v) was prepared added to a stirring solution of AuNPs in 0.005%
(v/v) concentration. After stirring for 1 h with the PEI solution, the synthesized AuNPs were
coated with PEI. By electrostatic force, AuNP-PEI effectively load model antigen ovalbumin
(OVA) to form AuNP-PEI/OVA nanovaccine which realized effective antigen delivery while
possessing low cytotoxicity towards RAW264.7 and DC2.4 cells. Further, AuNP-PEI/OVA
nanovaccine stimulate dendritic cells (DCs) to become mature, promoting the expression of
CD86 and CD80 which are the marker of mature DCs mediating activation of CD8+ T cells.
This study explores the potential of AuNP-PEI applied as vaccine vector. Despite further
verifying experiments needed, the successful and effective of AuNP-PEI/OVA in this study offer
not only a new design strategy for cancer vaccine but also a potential solution to the limitations
faced by conventional drug delivery methods.

Keywords: Cancer immunotherapy, vaccine, antigen delivery, antigen-presentation cells, DC
maturation.

1. Introduction

Cancer, an illness arising from the unchecked and abnormal growth of cells, stands as one of the most
lethal illnesses throughout the world. In numerous countries, it holds the grim distinction of being the
second leading cause of mortality. In 2022 alone, an estimated 1.9 million new cases of cancer are
projected to be identified, with approximately 609,360 individuals succumb to the disease in the United
States alone[1]. Conventional treatments including chemotherapy, radiotherapy present significant side
effects and toxicity[2]. In contrast to conventional treatments, immunotherapy presents clear advantages,
including the establishment of long-term memory, prevention of tumor recurrence, and control of
metastasis. This approach could be particularly advantageous for patients lacking adequate levels of pre-
existing anti-tumor T cells and/or immune checkpoint molecules, thereby benefiting a broader range of
individuals[3]. Nevertheless, numerous obstacles have hindered the widespread clinical adoption of
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cancer immunotherapies[4]. A notable challenge is the limited clinical response rate, with fewer than
one-fourth of patients exhibit a positive response to immune checkpoint inhibitors (ICIs). While
combining multiple ICIs may enhance clinical efficacy, it also gives rise to severe adverse events,
including dermatitis and liver damage[3].

Cancer vaccines hold the potential of activating immune system through the stimulation of T cells
via antigens, fostering a specific and targeted immune response. Tumor antigens recognized by T
lymphocytes are central to the efficacy of cancer vaccines[5]. T cells recognize foreign antigens only
when they are displayed on the surfaces of the body's own cells, which may derive from pathogens like
viruses or intracellular bacteria replicating within cells or from pathogens or their components
internalized through endocytosis from the extracellular fluid[6]. Antigen presentation refers to the
procedure wherein antigens are showcased on the surface of antigen-presenting cells (APCs). This
presentation occurs in conjunction with MHC class II molecules during interactions with CD4+ helper
T cells or with MHC class I molecules when engaging with CD8+ cytotoxic T cells. Successful
presentation relies on the strong binding of peptides to MHC class II molecules; peptides with
insufficient binding capacity are not presented, resulting in an ineffective immune response[7]. After
maturing in the thymus, T cells circulate throughout the body. When they encounter their specific
antigen displayed on the surface of an APC, the T cell receptors on both CD4+ helper T cells and CD8+
cytotoxic T cells bind to the antigen within the Major Histocompatibility Complex (MHC) on the APC
surface[7]. The interaction between the presented antigen and MHC class II molecules with the CD4+
helper T cell receptor activates the CD4+ lymphocyte, leading to the release of IL-2 and the expression
of IL-2 receptors on the lymphocyte surface[7]. The IL-2 produced by the activated cell not only
stimulates its own receptors but also those of mononuclear phagocytes, intensifying their microbicidal
activity, prompting B cells to generate antibodies[8]. This interaction initiates the activation of the T
cells. Cancer vaccines that target the initial stages of antigen processing could potentially enhance both
therapeutic and preventive effectiveness, addressing not only primary tumors but also inoperable
metastases or relapses[9].

Though the concept of vaccines as a Cancer treatment has become more appealing, significant
challenges remain. Existing drug delivery techniques often face challenges such as imprecise drug
distribution, potential toxicity, and environmental repercussions arising from the use of non-degradable
materials. These constraints impede the effectiveness of treatments, compromise patient adherence, and
contribute to environmental issues. Furthermore, the inadequate induction of immune responses through
conventional vaccination approaches has hindered successful treatment and complete tumor
eradication[10]. In other words, there has been a high demand for a more effective delivery method[4].

Gold nanoparticles, when used in conjunction with cancer vaccines, offer an optimal approach for
enhancing cellular immunity.. Among the various nanoparticles, gold nanoparticles have gained
considerable interest in cancer therapy due to their minimal toxicity, strong stability, ease of uptake by
cells, impressive optical characteristics, and versatile surface functionalities. Gold nanoparticles can
function as adjuvants enhancing vaccine efficacy by stimulating antigen-presenting cells (APCs) and
facilitating controlled antigen release. Additionally, they are chemically inert, biocompatible, and easily
producible[3]. Drug or treatments can attach to gold nanoparticles through covalent or noncovalent
interactions, and the surface of gold nanoparticles can be modified to enhance drug encapsulation and
delivery[11]. Specific modifiers like antibodies, aptamers, carbohydrates, and other ligands recognizing
tumor-associated markers enable targeted drug delivery. Gold nanoparticles could also serve as a
vaccine adjuvant. Their entry into immune cells induces cytokine production, stimulates T cells,
activates immune response genes, improves antigen processing, and prompts B cells to secrete
antibodies. This makes nanoparticles promising carriers and adjuvants in the formulation of antibodies
and vaccines targeting infections[11]. Ovalbumin (OVA), a glycoprotein with a molecular weight of
approximately 45 kDa, represents the predominant protein found in chicken egg whites[12]. Its
sufficient size and complexity elicit a mild immunogenic response, making OVA a widely utilized
model antigen in experimental immunization and vaccination research[13,14].
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Building on the provided background, we undertook the modification of the surface of AuNP using
PEI and loaded OVA (-) onto both the positive and negative electrodes of PEIL creating a gold
nanoparticle vaccine. With the PEI modified AuNP, OVA could easily form bonds with the
nanoparticles. Furthermore, the positively charged nature of PEI facilitates easier penetration through
cell membranes, thereby reducing the distance between the cells and the nanoparticles. This strategic
modification not only addressed the technical challenges of connecting OVA to AuNP but also boosted
the enhanced cellular penetration capabilities of PEI, contributing to the overall efficacy of the gold
nanoparticle vaccine. Modified AuNP could deliver OVA to the APC that can activate dendritic cell
(DC) maturation, leading to antigen specific immune response.
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Scheme 1. Scheme for an overview of the modifying AuNP into AuNP-PEI/OVA.
2. Materials and methods

2.1. Cell culture

Prepare cultural dishes: new Petri dishes, centrifuge tubes and add appropriate culture media to them.
Culture the cells to a confluency of 80%-90%, collect the cells, and wash them 1-2 times with cell culture
medium to remove cell debris and waste. Appropriate trypsin enzyme was used to to digest cell adhesion
at 37°C. Then culture medium containing 10% fetal bovine serum was added to stop digestion, and
blow the supernatant evenly into the centrifuge tube. Centrifuge the cell suspension to collect cell pellets.
An appropriate amount of culture medium was used to suspend the cells. Transplanted the prepared cell
suspension into a new culture dish and distribute it evenly. Place the culture dish in an appropriate
environment, control factors such as temperature, humidity, CO2 concentration, etc., replace the culture
medium regularly, and observe the cell growth. All of the operating procedures should be strictly
followed to avoid any possible contamination. RAW 264.7 cells are cultured in DMEM, complemented
with 10% Fetal Bovine Serum (FBS) and 1% Penicillin Streptomycin (Pen/Strep). DC 2.4 cells are
cultured with RPMI, complemented with 10% FBS and 1% Pen/Strep.

2.2. Synthesis of AuNP-PEI/OVA

As shown in Figure 1, AuNPs were synthesized with high monodispersity by slightly modifying the
Turkevich method. Trisodium citrate dehydrate solution (3%, 1 mL) (Sigma-Aldrich, TX, USA) was
added to hydrogen tetrachloroaurate (III) trihydrate (HAuCl4-3H20) solution (0.25 mM, 100 mL)
(SigmaAldrich) and stirred for 10 min under reflux system. After that, the solution was cooled to room
temperature, and the synthesized nanoparticles were used in the following step.

Polyethylenimine (PEI) (MW 2000 by LS, SigmaAldrich) was used to modify the surface of AuNPs.
A stock solution of PEI (2%, v/v) was prepared and then added to a stirring solution of AuNPs in 0.005%
(v/v) concentration. After stirring for 1 h with the PEI solution, the synthesized AuNPs were coated with
PEI. AuNPs were characterized in terms of shape, size, LSPR peak and zeta potential. In the final step,
PEI-coated AuNPs were purified by centrifuging at 7000x g for 30 min and dispersing in 18.2 MQ
deionized water.

To determine the optimal OVA loading, different AuNP-PEI: OVA weight ratios (0.5, 1 and 1.5)
were prepared. By adding the calculated quantity of OVA to the nanoparticle solution and pipetting up
and down at least ten-times and stirring for 30 min, the antigen could load onto the AuNP. After
centrifuging in 1000 rpm for 20 min, extract the supernatant without discarding it. Using the
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Bicinchoninic acid assay (BCA) method, the quantity of the remaining OVA within the supernatant
could be calculated. The loading efficiency of the different OV A ratios were calculated by subtracting
the OVA left over in the supernatant from the OVA loaded onto the cells. Using TEM and DLS to
determine the AuNP-PEI/OVA diameter.
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Figure 1. The protocol of synthesis of AuNP-PEI/OV A nanovaccine.

2.3. Cell-counting kits-8 assay

RAW264.7 and DC2.4 cells were used to assess the cytotoxicity of AuNP-PEI/OVA and AuNP-OVA.
Cells were collected by centrifuging in 1200 rpm for three minutes. The cells were counted, then diluted
to 5x10* /mL confluency, and incubated 100 uL per well in a 96-well plate for 24 hours to ensure
adherence. Subsequently, varying concentrations (0, 10, 20, 50, 100, 200, and 300 pg/mL) of AuNP-
PEI/OVA were added to each well. After 24 hours, 10 uL of CCK-8 solution were added to each well,
followed by a 2-hour incubation in a cell incubator. The absorbance was measured at a wavelength of
450 nm using a microplate reader to calculate cytotoxicity.

2.4. The conjugation of Cy5 with OVA

By using flow cytometer and laser confocal scanning microscope, cellular uptake of AuNP-PEI/OVA
could be determined. Cy5 powder was dissolved in DMSO 10ug/mL. Cy5 and OVA were mixed in 10:1
molar ratio. They were then reacted in room temperature for two hours. The reacted Cy5 and OVA
mixture was purified by ultracentrifuge. First, the reacted mixture was added into ultracentrifuge tube,
centrifuged at 2000 rpm for 20 minutes. The liquid in the outer tube was discarded. 500 uL of PBS was
added into the inner tube. The process was repeated three times. Cy5-labeled OVA was mixed with
AuNP-PEI to form fluorescence-labeled nanoparticles, which was co-cultured with RAW264.7 or
DC2.4 for 24 h. Then one patch of cells was collected and detected for CyS5 signal by flow cytometer.
The other patch of cells was stained with DAPI after co-culture for 30 min then proceeding confocal
imaging to check if Cy5 signal is in cells.

2.5. Flow cytometer

By using flow cytometer, cellular uptake of AuNP-PEI/OVA could be determined. Cy5-labeled OVA
was mixed with AuNP-PEI to form fluorescence-labeled nanoparticles, which was co-cultured with
RAW264.7 or DC2.4 for 24 h. Then one patch of cells was collected and detected for Cy5 signal by
flow cytometer. For detecting DC cells maturation, flow cytometer was applied to determine if AuNP-
PEI/OVA could stimulate maturation. Cells were then stained with anti-CD11c-Cy5, anti-CD86-PE,
anti-CD80-APC for 1h at room temperature. After 3-times of washing with PBS complemented 1%
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Fetal Bovine Serum (FBS), cells were detected for fluorescence signals with flow cytometer to compare
percentage of mature BMDCs between different groups.

2.6. Laser scanning confocal microscopy

CyS5-labeled OVA was mixed with AuNP-PEI to form fluorescence-labeled nanoparticles, then AuNP-
PEI/OVA-Cy5 was co-cultured with RAW264.7 or DC2.4 for 4 h at concentration of 10 ug/mL (OVA).
Afterwards, the cells were washed 3 times with PBS and stained with DAPI dye for 30 min. After
aspirating the supernatant, the cells were washed for 3 times with PBS then imaging under laser scanning
confocal microscope.

2.7. BMDCs maturation

The BMDC cells were a gift from PhD Wu laboratory. Flow cytometer was applied to determine if
AuNP-PEI/OVA could stimulate maturation. BMDCs were co-cultured with 2 pg/mL
lipopolysaccharide (LPS), 10 pg/mL OVA, 10 pg/mL AuNP-OVA, 10 pg/mL AuNP-PEI/OVA for 24
h in CO2 incubator. Cells were then stained with anti-CD11c-Cy5, anti-CD86-PE, anti-CD80-APC for
1h at room temperature. After 3-times PBS with 1% FBS washes, cells were detected for fluorescence
signals with flow cytometer to compare percentage of mature BMDCs between different groups.

2.8. ELISA

The supernatant of the BMDC cells were used to detect for the cytokines presented. BMDC cell were
centrifuged and collected without discarding the supernatant. A day prior to the experiment, the capture
antibody was coated on the 96 well plate in 1 ug/mL and cultured in 4 °C overnight. The well was taken
out and the supernatant of the captured antibody was removed. PBST was added 200 uL into each well
to clean the wells by removing it after three minutes. This process was repeated three times. Each well
was added with BMDC cells’ supernatant for 50 uL each well. At room temperature, the supernatant
was cultured for 2 hours. After two hours, the supernatant was discarded completely. Using 200 uL. of
PBST, the cells were cleaned again like the cleaning process above (cultured for three minutes, repeat
for three times). Detection antibody was diluted by PBS in 1:200 ratio. Each well was added in 200 uL
of the diluted detection antibody. The well was cultured again in 37°C for an hour. After the culturing
process, the supernatant is discarded, and the well was cleaned again by PBST like the cleaning process
above. HRP conjugated secondary antibody was diluted with PBS in 1:200 ratio and 100 uL. was added
into the wells for color reaction. The wells were cultured in 37°C for an hour. After removing the
supernatant, the well was again cleaned by PBST for three times like the process above. Each well was
added with 100 uL of TMB and reacted within 37°C environment for 15 minutes. 1M of H,SO4 was
added for 50 uL in each well to terminate the reaction. Microplate reader was used to analyze the
resulting color reaction of the experiment. Excel was used to create a linear graph which was used to
calculate the concentration of the cytokines within the supernatant.

3. Results and discussions

3.1. Synthesis of AuNPs and characterization

As demonstrated by TEM analysis, AuNP-PEI/OVA’s size is around 50 nm and highly monodisperse
(Figure 2a). AuNP-PEI in demonstrates a hydrodynamic diameter of 146.3 nm and with polydispersity
index (PDI) of 0.252 (Figure 2b). AuNP-PEI/OVA has a hydrodynamic diameter of 151.9 nm and PDI
of 0.193 (Figure 2c). Additionally, AuNP-PEI has a zeta potential of 40 (units while when conjugated
with OVA exist a negative charge, demonstrating the success of conjugating OV A onto the nanoparticles
(Figure 2d). The gold nanoparticles are then verified with UV-vis spectrophotometer at 560 nm localized
surface plasmon resonance (LSPR) peak (Figure 2e).
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Figure 2. Characterization of AuNP-PEI/OV A nanoparticle.

3.2. Low cytotoxicity of AuNP-PEI/OVA nanovaccine

Next, the effect of AuNP-PEI/OVA on viability of two antigen-presenting cells was analyzed. In short,
RAW264.7 and DC2.4 cells were cultured with varying concentrations of AuNP-PEI/OVA or AuNP-
OVA in a 96-well plate. CCK-8 solution was added to each well to enhance the color reaction, and the
absorbance at 450 nm wavelength was measured using a microplate reader to determine cytotoxicity.
Figure 3a illustrates that AuNP-PEI/OV A nanoparticles led to a slight reduction in the viability of DC2.4
cells to approximately 75% after 24 hours of co-culture at a concentration of 150 pg/mL. Similar
outcomes were observed in the RAW264.7 group treated with AuNP-PEI/OVA (Figure 3b). Meanwhile,
AuNP-PEI/OVA only decreased cell viability to around 90% at concentration of 10 ug/mL for DC2.4
cells (Figure 3a). Additionally, RAW264.7 cells treated with AuNP-PEI/OVA reflect negligible
cytotoxicity at 10 ng/mL (Figure 3b). Overall, these results indicate that AuNP-PEI/OVA demonstrates
good biocompatibility and could be applied as nanovaccine in delivering tumor antigen.
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Figure 3. Low cytotoxicity of AuNP-PEI/OVA nanovaccine.

3.3. AuNP-PEI/OVA nanovaccine cell permeability

In order to confirm if AuNP-PEI/OVA could effectively enter antigen-presenting cells, Cy5-labeled
OVA was mixed with AuNP-PEI to form fluorescence-labeled nanoparticles. Then AuNP-PEI/OVA-
CyS5 was co-cultured with RAW264.7 or DC2.4 for 12 h. After co-culture, the Cy5 signal in the cells
was detected using FACS. The data of FACS assay was analyzed by using Flowjo. The Figure 4a shows
the gating strategy that was used to separate the living and dead cells. Subsequently, Cy5 signals in
single living cells were analyzed. As illustrated in the histogram, the peak of cells treated with OVA-
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CyS5 only shows slight shift when compared to untreated cells (Figure 4b). In contrast, The peak of cells
treated with AuNP-PEI/OVA-CyS5 demonstrates significant shift compared to cells treated with AuNP-
OVA-Cy5, indicating that the modification of PEI on AuNPs significantly enhanced the cellular uptake
of antigen. The similar results were observed in the DC2.4 group (Figure 4b). The statistic results
illustrate that DC2.4 cells treated with AuNP-PEI/OV A-Cy5 pose about 90% positive events: about 20%
positive events higher than cells treated with AuNP-OVA-Cy5 (Figure 4c). These data indicate that
AuNP-PEI could deliver antigen into antigen-presenting cells efficiently.
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Figure 4. AuNP-PEI/OVA nanovaccine cell permeability.

Using a confocal fluorescent microscope to determine the cellular uptake of gold nanoparticles in
cells can confirm the successful entry of AuNP-PEI/OVA into antigen-presenting cells (APCs). Firstly,
AuNP-PEI/OVA-CyS5 is co-cultured with RAW264.7 and DC2.4. After co-culture, The cells are then
washed with PBS after culture. The cells are then examined by confocal fluorescent microscope to
quantify the level of cellular uptake represented in the charts. Red glow created by the CyS5 represents
OVA protein , while the blue fluorescence created by DAPI, which binds to DNA in the cell nuclei,
highlights the cells in the dark field (Figure 5). By combining the two channels, it is possible to
determine whether the nanoparticles have entered the cells (Figure 5). Represented by the chart,
AuNP/OVA and AuNP-PEI/OVA efficiently delivered antigens along with the fluorescence inside the
cells (Figure 5). In conclusion, the charts generated by FACS and fluorescence imaging indicate AuNP-
PEI/OVA'’s efficiency in entering the cells.

3.4. Efficiency of AuNP-PEI/OVA nanovaccine in Dendritic cell maturation

Flow cytometry was used to determine the effectiveness of AuNP-PEI/OVA and AuNP/OVA on the
maturation of dendritic cells (DCs).. The x axis indicates the maturation of CD86 and the y axis indicates
the maturation of CD 80. AuNP-PEI/OVA along with other materials, were co-cultured with BMDC for
24 hours. The cells were then labled with flourecence antibody, and the cells were analyzed for their
expression on CD 86 and CD 80. Figure 6a demonstrates cells that were untreated, with LPS, with OV A,
with AuNP-OVA, and with AuNP-PEI/OVA. These cells maturation results were in 2.61%, 74.2%,
13.0%, 42.1%, 57.0% respectfully. The results indicate that cells with AuNP-PEI treatment proves
significant increase in DC cells maturation in comparison to cells with OVA or cells with AuNP.
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Figure 6. Efficiency of AuNP-PEI/OVA nanovaccine in dendritic cell maturation.

3.5. ELISA to determine the level of secreting cytokines within supernatant

Using the experiment involves coating a 96-well plate with a capture antibody, blocking with 3% BSA
PBS, and adding the BMDC supernatant. After incubation and washing, detection antibodies and HRP-
labeled secondary antibodies are added. A color reaction with TMB and HRP is initiated, then stopped
with 1M H>SOs. Results are measured with a microplate reader and analyzed in Excel. As shown in
figure 7a, blank reached a concentration at 50 pg/mL, OVA reached at around 100 pg/mL, AuNP-OVA
reached at around 140 pg/mL. AuNP-PEI/OVA reached at close to 170 pg/mL. The concentration of
cytokine IL-12 is significantly less in the OV A sample in comparison to the AuUNP-PEI/OVA. Similarly
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in figure 7b, the OVA and the AuNP-PEI/OVA samples showed strong contrast. With the help of
nanoparticles, the AuNP-PEI/OVA sample demonstrated significant present of the IL-2 cytokines. In
contrast to the 130 pg/mL concentration of OVA sample, AuNP-PEI/OVA obtained close to 250 pg/mL,
increased in detection of cytokines to almost double the amount. The results indicate that the
nanoparticles delivery system with PEI increased the secretion of IL-2 and IL-12 by the BMDC cells
that indicate an increase in the maturation of the cells.
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Figure 7. Cytokines IL-2 and IL-12 presented within the BMDC supernatant.

4. Conclusions

This study designed a high-efficient strategy to deliver cancer antigen as described above. First, the
AuNP-PEI/OVA nanovaccine prepared size is around 50 nm and highly monodisperse and AuNP-
PEI/OVA possesed a hydrodynamic diameter of 146.3 nm and with polydispersity index (PDI) of 0.252.
In the cytotoxicity test, we confirmed that the prepared AuNP-PEI/OVA excellent safety towards
RAW264.7 and DC2.4 cells, which facilitate the further applications in cancer vaccine. Further, the
experiment results generated by FACS and fluorescence imaging together indicate AuNP-PEI/OVA’s
efficiency in entering the cells. In addition, AuNP-PEI treatment proves significant increase in DC cells
maturation in comparison to cells with OVA or cells with AuNP, which means AuNP-PEI antigen-
delivering system could elicit robust antigen-specific immune response to fight cancer.
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