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1. Abstract 
Traditional vaccines such as live-attenuated or whole-killed vaccines have been widely used over the past 

hundred years. However, the safety and effectiveness of traditional vaccines have become a concern as 

an increasing number of people receive vaccination. In recent decades, a new type of vaccine has 

emerged called a subunit vaccine which uses only the proteins or peptide epitopes necessary to induce 

an immune response. Recent studies have demonstrated that subunit vaccines can be synthetically 

modified to possess different properties such as size, shape, charge, and material chemistry. These 

synthetic vaccines can be tailored to differentially interact with the immune system to tailor the output 

response. In order to harness their potential and demonstrate their value, powerful physical and biological 

characterization tools are needed. This review paper will discuss important methods that can be used to 

characterize synthetic vaccines. In addition, some important synthetic vaccine design rules determined 

so far will be discussed and summarized. These two elements can constructively inform the vaccine 

development process providing future researchers a pathway for evaluating and designing the most 

effective synthetic vaccines possible. 

2. Introduction 
Subunit vaccines are a new generation of vaccines 

which are considered much safer than traditional 

whole-pathogen vaccines since they only deliver 

the pathogen component necessary to induce an 

immune response and lack unnecessary off-target 

components. However, subunit vaccines alone are 

typically weak immunogens requiring multiple 

doses and/or adjuvant co-delivery to induce 

protection1, 2. Over the past few decades, subunit 

vaccines have been processed and/or chemical 

modified to yield synthetic vaccines which possess 

improved immunogenicity3-7. Specifically, synthetic 

vaccine systems such as polymeric nanoparticles6, 

8-10, inorganic nanoparticles11-13, liposomes14-16, 

and micelles17-19 have all shown significant impact 

in improving vaccine efficacy. This initial success 

has led researchers to want to design synthetic 

vaccines capable of directly modulating 

corresponding immune responses. In order to 

achieve this next generation of synthetic vaccines, 

it is important to understand how the physical 

properties of synthetic vaccines can be readily 

modified.  

Synthetic vaccine morphology is one of the most 

heavily studied topic today. Researchers in this 

field realize that physical characteristics, such as 

size and shape6, 8, 20, can play an important role in 

vaccine immunogenicity. For example, vaccine size 

impacts its internalization by Antigen Presenting 

Cells (APCs)8 and trafficking through the lymphatic 

system. Vaccine shape can facilitate which cell 

populations uptake them triggering different types 

of immune responses6. Synthetic vaccine 

morphology can be readily characterized by 

electron microscopy and atomic force microscopy. 

The secondary structure of synthetic vaccines is 

also important, especially an antibody-mediated 

immune response due to the fact that some B cell 

receptors only recognize peptide epitopes with 

certain secondary structures17. Peptide or protein 

secondary structures are commonly evaluated by 

circular dichroism. 

Synthetic vaccine surface charge also plays a role 

in vaccine efficiency and toxicity. Extensive 

research in this area indicate that highly negatively 

charged vaccines electrostatically repulse the lipid 

bi-layer of cells which results in reduced cell 

internalization21. In contrast, highly positive 

charged materials can easily pass through the cell 

membrane which can enhance the immune 

response though can also lead to cell death as a 

consequence22-25. Zeta potential is a powerful 

surface characterization technique that allows for 

assessing vaccine charge. 

Tracking where synthetic vaccines traffic within 

cells is a highly important tool in studying the 

processing mechanism of synthetic vaccines. 

Specifically, fluorophore-labelled vaccines and 

fluorescent microscopy allow researchers to be 

able to track the synthetic vaccine movements 

within tissues or even a single cell itself. 
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Circulating antibodies play an important role in 

clearing out invading pathogens. With the presence 

of antibodies, individuals may be able to be 

protected from infection even before the onset of 

symptoms. Antibody quantity and quality are the 

two most important characteristics for antibody 

characterization which can be ascertained by 

enzyme linked immunosorbent assays. 

While many current commercial vaccines are 

focused on antibody mediated responses, cell 

mediated responses can be just as important 

especially prophylaxis against intracellular 

infections and treatments of certain diseases like 

cancer. Cell mediated responses are often related 

to cell proliferation, cell surface marker expression, 

and cytokine production which can be 

characterized by flow cytometry. 

 

3. Characterization Methods 
3.1. Transmission Electron Microscopy 

(TEM) 

TEM is an important microscopy technique widely 

used in both the physical and biological sciences 

including for cancer research, pathological studies, 

and materials science. Unlike optical microscopes 

which use light to focus on the sample, the principal 

of TEM is to use electrons to pass through and 

interact with the sample. Due to the much shorter 

wavelength of electrons compared to light, TEM is 

capable of imaging at considerably higher 

resolutions than traditional optical microscopy26. 

Important components (Fig. 1) of TEM include the 

electron gun, the specimen, the imaging system, 

the condenser lens, and the projective lens. The 

electron gun provides the all-important electron 

source for TEM. The electrons are pumped through 

the voltage area and are then shot at the specimen 

(which includes the sample grid). The imaging 

system usually consists of a phosphor screen, 

which reflects the image produced by electrons 

interacting with the sample, and a digital camera 

that records the image. The condenser lens form 

the primary electron beam while the contact lens is 

responsible for focusing the electrons passed 

through the specimen. 

TEM has been widely used in synthetic vaccine 

studies as a powerful method to determine vaccine 

structure. Synthetic vaccines normally include 

peptide or protein compounds, thus negative 

staining is the most commonly utilized method in 

TEM experiments. The atom density of the stains is 

much higher than synthetic vaccines, therefore, 

when the electron source hits the stain, the 

electrons are deflected and filtered by the objective 

aperture while the electrons hitting the sample will 

be allowed to pass through the specimen. The stain 

is shown as a darker area on the screen which 

provides necessary contrast for acquiring a clear 

image. A hydrophilic surface that is a part of the grid 

is required to facilitate stain attachment which can 

be achieved by glow discharging. In this method, 

grids are placed inside a partly evacuated chamber 

where high voltage is applied between the cathode 

and the anode at each end of the chamber ionizing 

the gas within the chamber. Those negatively 

charged ions, called plasma, are deposited on the 

carbon grid which provides the carbon film with an 

overall hydrophilic surface. Then the vaccine 

sample solution is usually incubated on the carbon 

grid before the solution is blotted with filter paper or 

other chemical substances27. This is followed by 

the staining process, for which typical stains include 

uranyl acetate27-29, ammonium molybdate30, 31, 

uranyl formate32, phosphotungstic acid33, and many 

others. If the sample presents a strong negative 

charge and is found to be difficult to stick on the 

carbon film, magnesium acetate may be applied to 

modify the charge on the carbon film before 

staining. 

 

Fig. 1. TEM Schematic. Electrons are shot from the 

electron gun, cross through the specimen, and eventually 

hit the phosphor screen or are picked up by the digital 

camera. 

3.2. Cryo-Electron Microscopy (cryo-EM) 

Cryo-EM is a highly specific type of TEM commonly 

used to visualize finer features than traditional TEM. 

Samples are studied at extremely low temperatures 

while normal TEM samples are studied at room 

temperature. Cryo-EM is capable of providing 

images with even higher resolution and contrast 

than a negative staining TEM, because the 
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resolution and contrast of TEM is limited by the size 

of the stain34, 35. But limitations for cryo-EM are 

much less since ice is used instead of stains to 

provide contrast; the thickness of ice crystals are 

much smaller than normal stains thus ultra-high 

resolution images are achievable. The highest 

resolution that cryo-EM can achieve is 2.2 Å36 while 

TEM commonly can only achieve resolution around 

10 Å37. Cryo-EM is also commonly used to 

reconstruct three-dimensional images allowing for 

it to make significant contributions to the field of 

structure biology (Fig, 2). However, cryo-EM 

images are often noisier than traditional TEM 

because of the thinner sample grids. This problem 

could be fixed by averaging images to improve the 

signal-to-noise ratio in order to retrieve high-

resolution information38. 

Cryo-EM can also provide higher resolution and 

better contrast for synthetic vaccine analysis 

compared to traditional TEM. The most important 

part of sample preparation is to keep the sample 

grids sufficiently frozen throughout the process. To 

maintain this condition, sample films are usually 

plunged into liquid nitrogen-cooled liquid ethane 

which quickly plunges the temperature to -180 

degrees Celsius or lower39. Vapor contamination 

can drastically alter sample quality and is often 

contributed by atmospheric humidity and improper 

operating conditions so that cryo-EM should be 

processed in a tightly controlled environment. 

 

Fig. 2. 3D Reconstruction Scheme. Left panel: For each 

angle of a single particle, we can take multiple images and 

average the image to get higher signal-to-noise ratio. 

Right panel: to obtain a three-dimensional view of a single 

particle, a sample is tilted in order to be exposed to 

different angles by the camera, followed by software 

reconstruction, which yields the three-dimensional image 

of a single particle. (Reprinted with permission from Greg 

Pintilie)40. 

3.3. Scanning Electron Microscopy (SEM) 

SEM is another important electron microscopy 

technique which mainly detects secondary 

electrons, back scattered electrons, and 

characteristic X-rays (Fig. 3). Secondary electrons 

are the reflected primary electrons shot by an 

electron gun. This technique can reveal the 

morphology and surface topography of the sample 

by analysing the secondary electrons. Back 

scattered electrons come from the deeper areas of 

the sample where the atoms are excited by primary 

electrons. Backscattered electrons allow contrasts 

to be detected between the background and the 

elements. X-rays are excited and emitted from an 

even deeper part of the sample by primary 

electrons. By detecting and measuring the energy 

of the X-ray, one can get an accurate elemental 

distribution of the sample. For traditional SEM, 

samples are usually required to be solid and 

conductive. Also, the SEM environment chamber 

must be maintained under vacuum. However, 

Environmental scanning electron microscopy 

(ESEM) eliminates those limitations so that more 

samples such as those that are in solution or non-

conductive can also be used. The absolute finest 

resolution of SEM is about 10 nm according to FEI 

(Field Electron and Ion Co.) and with most being 

even higher than this, SEM cannot measure feature 

sizes at the same scale as TEM. 

Although SEM has lower resolution than TEM or 

AFM, it can still play an important role in size and 

shape analysis of synthetic vaccines9, 41, 42. 

Traditional SEM commonly uses dry powder 

vaccines since these meet the sample requirement 

of SEM: solid and stable under vacuum43. However, 

for other synthetic vaccines that must be 

maintained in an aqueous environment, only ESEM 

can be used to visual them44. Due to the limited 

contrast length, samples typically need to be at 

least a hundred microns to get a clearly contrasted 

image. While limiting for many synthetic vaccines, 

SEM can provide some three-dimensional 

information through the shadow presented in the 

image due to the depth of field phenomenon.45, 46 

 

Fig. 3. Working principle of SEM. Sample characteristics 

from different sample depth can be detected by collecting 

different sources of information, such as secondary 

electrons, backscattered electrons, and characteristic X-

rays. (Reprinted with permission from Nano Science 

Instrument)47. 

3.4. Atomic Force Microscopy (AFM)  

AFM is a high-resolution surface characterization 

technique capable of measuring the shape, height, 

and mechanical properties of samples. The working 

principle of AFM is based on the deflection of a 

cantilever caused by the physical forces between 

the cantilever-bound tip and the sample surface. 

The cantilever also reflects a laser, emitted from a 
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laser diode to the photodiode detector, which can 

be processed and transferred into surface imaging 

information (Fig. 4). Commonly used modes for 

AFM include contact mode where the AFM tip is 

dragged across the surface, and non-contact mode 

where the tip is separated from the sample surface 

and the deflection of the cantilever is due to the 

attractive or repulsive forces between the tip and 

the surface. A key advancement of AFM has been 

the creation of typing mode which is designed to 

overcome the difficulties associated with the tip-

surface friction, adhesion/repulsion, and 

electrostatic forces. Each mode can provide 

different imaging quality and causes different levels 

of damage to the sample. The tapping mode is the 

most widely used mode for synthetic vaccine 

analysis18, 44. 

AFM is a powerful tool when evaluating surface 

information since it can often provide better 3-D 

information than electron microscopy by utilizing 

sample height and the stacking principle. For 

synthetic vaccine studies, AFM is usually used 

alongside TEM as a tool to confirm particle 

morphology. Samples can be dissolved in water or 

ethanol for which a few drops can be placed on a 

mica substrate and dried before imaging.  

 

Fig. 4. Working principle of atomic force microscopy. Top 

panel: the sample surface can be transformed into an 

image by software processing the signal detected via 

laser reflected by the AFM tip. Bottom panel: a tip is 

attached to the cantilever and the cantilever must be soft 

enough to achieve a certain deflection as shown by the 

atomic scale image. 

3.5. Circular Dichroism (CD) 

CD is a technique that can be used to detect 

various information including secondary structure, 

geometry, and electronic structure. The theory of 

CD is based on the different absorption levels of 

left-handed light and right-handed light from 

molecules such as proteins that possess different 

secondary structures48-51. For proteins, CD can be 

used to determine if the molecule is folded by 

comparing the structures of a protein obtained from 

different sources or comparing structures for 

different mutants of the same protein. This 

information gained through CD can also 

demonstrate the stability of the protein when 

exposed to elevated temperatures, pH changes, 

and denaturing additives. It can also be used to 

determine whether protein-protein or protein-ligand 

interactions alter the conformation of protein [48]. 

For synthetic vaccines, CD is an important 

technique for evaluating the peptide or protein 

secondary structure. It can be used to detect the 

relative percentages of α-helix, β-sheet, random 

coils, and other secondary structures of synthetic 

vaccines, which helps characterize the impact 

synthetic vaccine formulation has on biomolecule 

functionality. In specific, different secondary 

structures possess unique light absorbance 

behavior. For example, α-helical peptides and 

proteins absorb polarized light most strongly at 

around 208 nm and 222 nm, β-sheet peptides and 

proteins possess maximum absorption at around 

218 nm, and random coil peptides and proteins 

absorb polarized light most strongly near 195nm. 

The resulting curve detected from wavelength 

sweeps can be compared to known secondary 

structure spectra to determine a sample’s relative 

secondary structure. 

3.6. Dynamic Light Scattering (DLS) 

DLS is a technique used in evaluating size 

distribution of small particles in suspension or 

polymers in solution49. DLS works by directing 

monochromatic light from a source to the sample 

so that they are diffracted and their “speckle pattern” 

can be collected on a screen. The dark areas in the 

speckle pattern show regions where diffracted light 

interferes with and cancels itself out which is known 

as destructive interference. In contrast, the light 

areas in the speckle pattern demonstrate 

constructive interference, regions where the 

diffracted light interferes with and enhances each 

other. The particles are suspended and can 

randomly move due to the collision with solvent 

molecules which obey the rule of Brownian Motion 

meaning that Stokes-Einstein equation can be 

applied to relate the velocity of a particle in solution 

to its hydrodynamic radius52. DLS can be utilized to 

measure different nanomaterials including proteins, 

polymers, and others. 

DLS solutions are comprised of dissolved or 

suspended samples and usually include some ions 

which will surround the particles to help the 

screening process. However, some ions such as 

chloride are too aggressive and could potentially 

alter the particle surface so care must be taken 

when choosing ions. Synthetic vaccines are usually 

made of modified peptides or proteins, so 

sonication is not always necessary for creating 

homogeneous solutions, but can be used for 

particles that tend to aggregate. The sample 
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solution should not be too concentrated otherwise 

viscosity effects come into play skewing the results 

though in some studies the concentration effects 

have been shown to have limited to no effect on 

DLS measurements53. 

3.7. Zeta-Potential 

Zeta-Potential, also known as the electro-kinetic 

potential of colloidal dispersions, is a value that 

represents the surface charge of particles. One of 

the most effective methods to measure Zeta-

potential is by electrophoresis. Electrophoresis can 

be used to measure the velocity of particles moving 

in an electric field which directly relates to particle 

surface charge. Zeta-potential also reflects the 

stability of the particles in which particles with 

greater zeta-potential values provide more 

repulsion force and prevent aggregation ,hence are 

generally more stable.54, 55 Samples should be 

prepared in low ion concentration solution to 

prevent false readings. The zeta-potential value is 

dependent on solution pH, so pH should be 

measured both before and after calculating the 

zeta-potential56. 

3.8. Critical Micelle Concentration (CMC) 

CMC is the lowest concentration at which 

amphiphilic molecules, such as polymeric micelles 

or peptide amphiphile micelles, start to undergo 

self-assembly (Fig. 5). Since the discovery of self-

assembled structures, CMC has become a 

widespread method for micelle formation 

characterization for which two common techniques 

are used. One way to measure CMC is through 

fluorophore sequestration polarization. The 

principle of this method is the chosen fluorophore 

strongly fluoresces when confined in a hydrophobic 

structure but not when free in solution. Therefore, 

the fluorophore entrapped within a self-assembled 

structure can emit a significant amount of light 

compared to those that are not. A plot comparing 

concentration and fluorescence intensity is then 

used to calculate the CMC value57, 58. The other 

approach to measuring CMC is through analyzing 

solution surface tension. Since the solution surface 

tension will not change after amphiphilic molecules 

reach the CMC value, CMC can be measured using 

surface tensionmeter measurements of serially 

diluted samples.  

 

Fig. 5.  Scheme of hydrophobically-drive self-assembly. 

Self-assembled monomers are usually amphiphilic 

consisting of a hydrophilic region and a hydrophobic 

region which form hydrophobic-core micelles once 

reaching a certain concentration, the CMC. (Reprinted 

with permission from BioTek)59. 

 

3.9. Widefield Fluorescent Microscopy and 

Confocal Fluorescent Microscopy  

Widefield fluorescent microscopy is an optical 

microscopy method that utilizes fluorescence and 

phosphorescence instead of optical reflection or 

absorption to yield an image of a sample. A mercury 

arc lamp acts as the light source and an excitation 

filter allows monochromatic light to pass through. A 

dichroic mirror reflects the excitation light and 

allows the emission light reflected from the sample 

to pass through. A sample holder contains the 

fluorophore-labelled sample and an emission filter 

allows emitted light to pass through after which it 

can be focused by an ocular lens and reach the 

detector (Fig. 6). Widefield fluorescent microscopy 

is commonly used in materials science and 

biomedical research for its capability to create a 

fluorophore-enabled two-dimensional image. 

 

Fig. 6. Widefield fluorescence microscopy scheme. The 

sample is excited by absorbing higher energy light (lower 

wavelength) after which it relaxes and emits lower energy 

light (higher wavelength). The long wavelength light 

(emission light) can pass through the dichroic mirror, while 

the short wavelength light (excitation light) is reflected by 

the dichroic mirror. 

Confocal fluorescent microscopy is a specific kind 

of fluorescent microscopy which allows for higher 

resolution and depth-selective capability than 

widefield fluorescent microscopy. This specifically 

allow for the technique to provide a three-

dimensional image. The major differences between 

confocal fluorescent microscopy and widefield 

fluorescent microscopy are the depth selectivity 

function and a confocal pinhole that blocks the 

reflected light from outside the confocal plane only 

allowing emitted light from the confocal plane to 

pass through the pinhole (Fig. 7). Confocal 
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fluorescent microscopy has been quite valuable in 

giving special resolution to where materials are 

located around and within one another.  

 

 

Fig. 7. Confocal fluorescent microscopy scheme. The 

confocal pinhole allows the emission light (red line) from 

the confocal plane to pass through the confocal pinhole 

up to the detector. The beam splitter reflects the excitation 

light while passing through the emission light. Confocal 

fluorescent microscopy can provide images with higher 

resolution than widefield fluorescent microscopy as well 

as render a three-dimensional image of the sample. 

In synthetic vaccine studies, both techniques are 

incredibly important for the labelling and tracking of 

biomaterials. For cell imaging, different 

components of a cell such as its membrane or 

nucleus can be labelled by specific dyes11, 60 and 

products can be labelled with other fluorophores. 

For identifying protein localization within a cell, 

fluorophore conjugated antibody can be used to 

bind those proteins which can be detected by direct 

fluorophore conjugation or secondary 

fluorescently-tagged antibodies61, 62. In order to 

track a sample to be measured, fluorescent dyes 

can be attached to a biomaterial sample such as a 

peptide, a protein, or a polymer before it is delivered 

to the cells11. For imaging biological samples, Near 

Infrared Region (NIR) light is preferred because it 

is capable of deep penetration into a sample 

providing better imaging than visible light63.  

3.10. Enzyme-Linked Immunosorbent 

Assay (ELISA) 

ELISA is an important characterization technique 

which detects the presence of proteins, such as 

antigens or antibodies. The principle behind ELISA 

is to bind enzyme-linked antibodies to the proteins 

being measured followed by exposure to a 

substrate which can be processed yielding a 

notable colorimetric change (Fig. 8). Sometimes 

the antibody can be detected directly by a 

secondary antibody which is linked to an enzyme 

through bioconjugation. ELISAs are commonly 

used for vaccine studies to assess antibody or 

cytokine content. 

There are five kinds of common ELISA methods, 

including direct ELISA, indirect ELISA, sandwich 

ELISA, competitive ELISA, and ELISPOT. The 

direct ELISA is achieved by attaching primary 

fluorophore-labelled antibodies to the antigen to 

detect antigen concentration. An indirect ELISA 

utilizes pre-labelled secondary antibodies binding 

the primary antibody instead of direct labelling the 

primary antibody. A sandwich ELISA consists of 

multiple antibodies for which one traps the protein 

of interest and other detects it. Finally, competitive 

ELISAs are ones where an antigen and a purified 

immobilized antigen compete to bind to the capture 

antibody. By comparing the signal of competitive 

ELISAs versus the signal with purified antigens, 

one can demonstrate the antigen’s presence and 

binding efficiency. ELISPOT is similar to the 

sandwich ELISA and is -most commonly used for 

cytokine detection. 

 

Fig. 8. Sandwich ELISA scheme. (1) Capture antibodies 

are coated on the plate; (2) the sample to be assayed is 

added; (3) the primary detection antibodies are included; 

(4) the enzyme-linked secondary antibodies are bound to 

primary detection antibodies; (5) substrate is provided and 

converted by the enzyme to a detectable form. (Reprinted 

with permission from wikipedia).64  

3.11. Flow Cytometry  

Flow cytometry is one of the most commonly used 

single-cell characterization techniques that can 

provide a great deal of cellular information. Flow 

cytometry is widely used by researchers to study 

cell mediated responses such as cell proliferation, 

cell surface marker expression, and cytokine 

production. The theory of flow cytometry is to allow 

only one cell to pass through the analyser at a time 

so that single-cell analysis can be achieved. Every 

cell is exposed to a pulsed laser for which two 

detectors receive light scattered and/or emitted 

from the cells. Forward scattered light (FSC) 

differentiates healthy cells from dead cells based 

on size differences while side scattered light (SSC) 

detects granularity of the cells and emitted 

fluorescent signals. Flow cytometry can also be 
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used as a cell sorting or cell purification technique. 

This is achieved by the aid of an electromagnet field 

which can move the cell to a desired collection 

vessel. Different cell types are recognized and 

bound with different types of fluorophore-labelled 

antibodies. The antibodies are electrostatically-

charged so they can be readily displaced by the 

electromagnet field (Fig. 9). Overall, flow cytometry 

is an important method used for cell counting, 

sorting, analysis, and biomarker analysis. 

 

Fig. 9. Working principle of flow cytometry. Only a single 

cell at a time can pass through the laser scanning tunnel. 

Cells can also be separated through the use of a magnetic 

field. 

4. Synthetic Vaccines Design 
Rules 

4.1. Vaccine Size 

Numerous research has been carried out exploring 

the optimal size of particle vaccines to dictate their 

uptake by APCs specifically dendritic cells (DCs) 

and macrophages. A broad conclusion that has 

been drawn relatively independent of materials 

chemistry is that nanoparticles tend to possess 

better internalization capacity than macro- or 

microparticles with optimal internalization found for 

25 – 30nm diameter nanoparticles65. Following 

uptake by APCs, particles will reach the 

endosomal-lysosomal compartment where they are 

processed allowing for their antigen payload to be 

processed into small peptide fragments. These 

peptides are then loaded onto MHC-II molecules 

where they can be transported to the cell surface 

for the stimulation of helper T cells. The size of the 

synthetic vaccine can also determine its ability to 

travel to secondary immune organs (i.e. lymph 

nodes) via the lymphatic system. Initial lymph 

vessels are 10 - 60 μm in diameter whereas large 

lymphatic vessels can be up to 2 mm in diameter. 

The size of lymph vessels is therefore large enough 

to transport particles and cells up to several 

microns. However, initial lymphatic vessels are 

blind-ended structures that are lined with 

overlapping endothelial cells so that only quite 

small particles are able to pass the initial lymphatic 

endothelial cell junctions while larger particles are 

not able to directly enter66, 67. The optimal size of 

particles for passing lymphatic endothelial cell 

junction is around 40 nm in diameter68, 69. Therefore, 

research in this area have been focused on 

creating subunit vaccines within this diameter 

ranges in order to be effective. 

4.2. Vaccine Shape  

Generally, spherical nanoparticles were first 

generated due to their micro structural isotropy. 

However, natural biological interactions, especially 

cell-cell interactions, do not always occur between 

two spherical components. Inspiration from natural 

systems led to the extensive study of a promising 

research area, bioinspired materials, where 

researchers believe that materials that mimic 

natural structures would have enhanced bioactivity. 

Cellular cytoskeletal geometry and spatial 

organization are critical components that then can 

determine processing fate70, 71. This effect is seen 

within the immune system in a variety of ways. 

Dendritic cells for example undergo dramatic 

morphological changes upon activation. This 

change increases their overall cell surface area and 

affects their interactions with naïve T cells. More 

specifically, researchers have evaluated polymer 

based “artificial APCs” of different shapes and the 

results show that this variable can directly influence 

T cell fate in turn modulating the resulting immune 

response6. In addition to mimicking the natural 

biological system, the shape of the drugs can also 

affect ligand interactions which affect material cell 

uptake72. Gold nanoparticles are another important 

tool widely used in drug delivery for which different 

shapes have been extensively studied. 

Interestingly, gold nanoparticles with different 

shapes can direct APCs to produce different types 

of cytokines due to the fact that their shapes 

influences their internalization and processing by 

APCs differently73, 74. This, in turn, may result in 

different types of T helper cell responses6, 75, 76. 

Thus, finding the appropriate vaccine shape can 

help drive immune responses towards the desired 

outcome. 

4.3. Vaccine Charge 

The surface charge of vaccines plays a critical role 

in determining their immunogenicity, cytotoxicity, 

and payload carrying capacity especially for nucleic 

acids and proteins77-79. Liposomal vaccine surface 

charge has been widely studied and has been 

shown to influence their efficiency in many respects 

including their retention time80, cell uptake ability81, 

and DC activation and maturation capability82. 
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Although in rare cases, anionic liposomes have 

shown a capability to induce an immune response83, 

most research has found cationic liposomes 

preferentially promote desirable immune 

responses. Positively charged nanoparticles have 

been widely used as nucleic acid carriers to 

facilitate electrostatic interactions to associate the 

components with one another. This same 

electrostatic interaction strategy has also been 

successfully utilized in vaccines including for 

polyethyleneimine (PEI) nanoparticles84, 85, cationic 

lipid nanoparticles86-88, and surface charge 

modified inorganic particles12, 89. Despite the 

excellent cell-penetrating ability of cationic 

materials, one major issue associated with using 

cationic particles is their toxicity24, 90, 91. Fortunately, 

after years of studying the issue, researchers have 

found successful techniques for modifying cationic 

materials to limit their toxicity92-95. Overall, neutral 

or moderately positively charged vaccines have 

shown a better ability to induce a robust immune 

response in many cases. 

4.4. Vaccine Secondary Structure  

Although T cell responses rely on the recognition of 

antigen fragments processed and presented by 

APCs, antibody mediated responses can be closely 

related to the recognition of intact antigen through 

the B cell receptor. These receptors often best 

recognize a peptide fragment only with a certain 

secondary structure, so this factor can play an 

important role in vaccine effectiveness. Soluble 

antigens, especially short peptides, have too many 

degrees of freedom limiting their ability to form 

desirable secondary structures5, 17. Modulating 

antigen secondary structure has become possible 

with the successful development of novel 

engineering methods. Most of these techniques 

including micellization involve the use of 

nanostructures which cluster antigens in ways that 

create an artificial tertiary structure facilitating 

desirable secondary structure formation. A 

secondary benefit of this approach is that the 

condensing of so many antigens together 

enhances local concentration mimicking the 

multivalent repetitive epitope structure found on the 

surface of pathogens96. This may favor the high 

avidity interactions found between antigens and B 

cell receptors helping to activate the B cells. Thus, 

designing subunit vaccines that preserve native 

antigen secondary structure will be beneficial for 

increasing vaccine efficacy. 

4.5. Vaccine Adjuvants  

Vaccine adjuvants have been utilized in 

commercial vaccine formulas to enhance the 

body’s immune response to the antigen of interest. 

Currently, physical adjuvants such as alum and 

Freund’s adjuvant have received widespread 

clinical adoption. It is believed that physical 

adjuvants create an antigen depot at the injection 

site facilitating controlled antigen release97 with 

some formulations leading to injection site 

inflammation with can also enhance the 

corresponding immune response51, 98. However, 

physical adjuvants commonly possess minimal 

capacity to facilitate TH1 and cytotoxic T cell 

responses98-102 limiting their ability to be used for 

vaccines against intracellular pathogens (i.e. 

viruses) and cancer. This major disadvantage can 

be overcome through the use of molecular 

adjuvants which function by mimicking microbial 

components (pathogen associated molecular 

patterns - PAMPs) such as bacterial cell wall 

components, flagella, or nucleic acid fragments that 

stimulate Toll Like Receptors (TLRs) on APCs to 

release danger signals103-105. Delivery strategies for 

molecular adjuvants have been extensively studied. 

One of the most important discoveries from the past 

decade is that the co-delivery of antigen and 

molecular adjuvants tends to produce stronger 

immune responses than delivering them 

separately106, 107. This work has led to extensive 

research into the development of polymer particles8, 

108, liposomes109, and inorganic particles11, 12 that 

are able to carry both antigen and molecular 

adjuvants to the same site of interest.  

The adjuvant delivery strategy also greatly 

influences its efficiency. This is likely due to the fact 

that different classes of TLRs are located in 

different compartments within APCs. For example, 

bacterial cell wall based adjuvants like Pam2C-SK4, 

and Monophosphoryl Lipid A (MPLA) stimulate 

TLR-2 and TLR-4, respectively, which can be found 

on the APC surface. By contrast, nucleic acid 

based adjuvants such as CpG 

oligodeoxynucleotide and polyinosinic:polycytidylic 

acid (poly I:C) stimulate endogenous TLRs (TLR-3 

and TLR-9 respectively) located with the APC 

endosome. Most recently, researchers discovered 

that a potentially more effective way to deliver 

adjuvants is by mimicking the bacterial natural 

structure. In specific, adjuvants that simulate 

bacterial surface structures should be located on 

the exterior of the carrier while adjuvants that 

simulate bacterial genetic structures are best to be 

delivered within the carrier110. Choosing the right 

type of adjuvant and delivering it with an 

appropriate platform can aid in enhanced 

adjuvanticity in turn improving overall vaccine 

efficacy. 

5. Conclusion 
Current advancements in material characterization 

techniques allows research scientists and 

engineers to create synthetic vaccines with optimal 

physicochemical properties to manipulate the 

immune system. Recent research has focused on 

biological inspiration which has been shown to 

greatly improve corresponding host immune 

responses. The field of synthetic vaccines has 

become increasingly promising yielding more and 

more design rules which can be utilized to expedite 
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research progress. Synthetic vaccines will 

hopefully become the next generation of vaccines 

and help human beings overcome emerging 

diseases. 
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