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Abstract

Vaccines are considered one of the most significant medical advancements in human history, as they
have prevented hundreds of millions of deaths since their discovery; however, modern travel permits
disease spread at unprecedented rates, and vaccine shortcomings like thermal sensitivity and required
booster shots have been made evident by the COVID-19 pandemic. Approaches to overcoming these
issues appear promising via the integration of vaccine technology with biomaterials, which offer
sustained-release properties and preserve proteins, prevent conformational changes, and enable
storage at room temperature. Sustained release and thermal stabilization of therapeutic
biomacromolecules is an emerging area that integrates material science, chemistry, immunology,
nanotechnology, and pathology to investigate different biocompatible materials. Biomaterials, including
natural sugar polymers, synthetic polyesters produced from biologically derived monomers, hydrogel
blends, protein-polymer blends, and metal-organic frameworks, have emerged as early players in the
field. This overview will focus on significant advances of sustained release biomaterial in the context of
vaccines against infectious disease and the progress made towards thermally stable ‘single-shot’

formulations.

Graphical/Visual Abstract and Caption

Most vaccines require refrigeration and many need multiple-injections to exert their full therapeutic
potential. In this overview, we discuss how combining vaccines with biomaterials are poised to help

overcome both of these issues.



1. INTRODUCTION

Every year, infectious diseases cause millions of deaths worldwide, making it the third leading cause of
death after cardiovascular disease (Figure 1A-B). It is likely that, because of the COVID-19 pandemic,
death from infectious disease might emerge as the leading cause of death in the United States in
2020.(Woolf, Chapman, & Lee, 2021) Vaccine development has made remarkable progress since 1791
when Edward Jenner discovered he could inoculate patients against smallpox by infecting them with
cowpox, a significantly milder disease.(Riedel, 2005) Since then, safer and more engineered vaccine
designs have emerged. For example, inactivated/live-attenuated pathogen formulations,(Demento,
Siefert, Bandyopadhyay, Sharp, & Fahmy, 2011) subunit vaccines,(Tsoras & Champion, 2019)
immunogenic epitopes,(Black et al., 2012) and inclusion of different classes of adjuvants(Vajdy, 2011)
have significantly improved long-term immunological memory. These new formulations generate higher
antibody titers while reducing severe side effects.(L. Yang, Li, Kirberger, Liao, & Ren, 2016) However,
300 years after the first vaccination, many challenges remain in developing new vaccines — in particular,
low stability, inefficient delivery, poor selectivity, and inability to translate into humans.(Irvine, Swartz,
& Szeto, 2013; Welch, Lee, Luzuriaga, Brohlin, & Gassensmith, 2018) For the past three decades
(Figure 1C-D), biomaterial-based technologies such as synthetic and natural polymers, lipids,
scaffolds, microneedles, and other particle-carriers have emerged to improve vaccine efficacy, safety,
and stability.(Shen, Hao, Ou, Hu, & Chen, 2018; Uppu et al., 2020; J. Yang et al., 2015) Biomaterials
offer a unique design strategy of carrier/adjuvant for immune cargo loading, protection, modification,
and administration to control targeted delivery, minimizing the number of injections, and reducing
systemic and local toxicity.(Eric M. Bachelder et al., 2008; ElImowafy, Tiboni, & Soliman, 2019; Sahdeyv,
Ochyl, & Moon, 2014)
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Figure 1: A pie chart showing in percentages the A) leading causes of death worldwide and B) the number of deaths by the
leading causes of deaths by infectious diseases for 2017. The number of publications published from 1995 — 2021 with the
keyword being C) vaccine refined to journals, letters, and reports, with additional refinement for in vivo and D) polymer vaccine
or sustained release vaccine refined to journals, letters, and reports, explicitly regarding in vivo work. Note: 2021 publications
were checked on April 25, 2021.



[1.1 The Interplay Between the Realities of the Inmune System and Vaccine Technology]

Vaccines protect individuals by developing immunological memory, so when the body encounters a
foreign pathogen, an immediate and proportional adaptive response against that pathogen begins
before it can reproduce and cause systemic damage. The immune response to an infectious agent
follows two broadly defined phases: an initial innate response followed by an adaptive response. The
initial response occurs when the immune system’s cellular vanguards—neutrophils, macrophages,
monocytes, or immature dendritic cells—recognize pathogen-associated molecular patterns (PAMPS)
on a foreign invader using pattern recognition receptors (PRRs) on their cellular surfaces. This
recognition event allows these cells to verify that what it has encountered as potentially dangerous.
When one of these “vanguards” encounters a foreign substance, the cell will consume the material via
phagocytosis and release signaling chemicals called chemokines and cytokines that recruit other cells
and induce the physical symptoms of local inflammation to indicate infection. Some of these cells will
differentiate into antigen-presenting cells (APCs) and migrate to the T-cell region of the draining lymph
node, where they will initiate the second phase of the immune response, the adaptive response.(Di

Pasquale, Preiss, Tavares Da Silva, & Gargon, 2015; Plotkin, 2014)

The adaptive response and development of immune memory for rapid response to previously
vaccinated antigen depends upon an essential interplay between T-cells and the rest of the immune
system. CD4+ cells can only determine if an antigen is foreign or not if they are presented with the
antigen by an APC that was activated in the initial infection or vaccination. From there, the activated
CD4+ cells that have become memory CD4+ cells will no longer need activation from APCs during a
second encounter with the infection, thus being able to mount a faster and more robust immune
response. Clearing a pathogen, however, requires the immune system to respond in several different
ways. Adaptive immunity is commonly divided into two major systems(Leleux & Roy, 2013): the first is
the cellular-mediated response, which is the activation of cytotoxic CD8+ T-cells and other phagocytes
to police human cells that might be harboring infectious pathogens. It is thought that vaccines that target
tuberculosis, cancer, and HIV will need to focus primarily on developing a strong cellular response. The
other system produces a humoral response, which is the activation of B-cells and plasma cells to
secrete antibodies. How biomaterials affects these systems is discussed in section 4. There are several
different types of antibodies, each serving specific purposes, but most vaccines focus on producing
neutralizing 1gG-type antibodies that can bind tightly to a pathogen’s surface to either block it from
entering cells and/or to flag it as a foreign invader that should be destroyed. This latter route has been
the focus of most vaccines, including those for many viral infections excluding HIV; indeed, most

successful vaccine development has primarily focused on activating a humoral response.

Differentiating between foreign and self-proteins is one of the most critical parts of adaptive immunity,
and this differentiation is often made by assessing the surface antigens displayed on the outside of a
pathogen. Therefore, vaccine development has historically involved identifying the most immune-

stimulating aspect of a pathogen and presenting it to the immune system, with the hope that the immune



system will be able to mount the correct type of immune response. Four such formulations are employed
clinically—live attenuated, inactivated, subunit, and nucleic acid-based vaccines. Live attenuated
vaccines are “living” relatives of the infectious organism that produce no or only mild symptoms yet can
instigate a protective immunity against a dangerous pathogen. However, at issue is that live attenuated
vaccines might replicate too rapidly for elderly or immune-compromised patients and have the potential
to mutate back to a virulent form, leading to severe complications.(Amanna, 2012; Cox, Baker, Nogales,
Martinez-Sobrido, & Dewhurst, 2015; Kaufmann & McMichael, 2005; Ruprecht, 1999) The alternative
to a live vaccine is to use an inactivated pathogen that has been rendered non-reproductive (or dead)
through either heat or chemical crosslinking; however, these processes may damage the surface
epitopes, and this can result in less effective vaccines. Alternatively, the exterior antigens can be
removed, purified, or genetically engineered onto the surface of a nanoparticle to fool the immune
system into producing antibodies that bind specifically to that antigen. In both cases, inactivation or
subunit vaccines are considered safer than live attenuated vaccine systems(Clem, 2011; Foged, 2011;
Gao et al., 2020) however, both approaches frequently fail to induce a strong immune response on their
own, even after multiple injections. Consequently, subunit vaccines may not provide sufficient protection
against the actual disease on their own(Bachmann et al., 1993; Vartak & Sucheck, 2016) The use of
adjuvants has been a way to steer the type of response the immune system has as they can help
promote strong and specific immune reactions; however, these reactions can be too strong, and thus,
only a handful of adjuvants are approved. A distinct alternative to sourcing proteins or carbohydrates
from the pathogen itself are nucleic acid-based vaccines, which deliver either DNA or RNA for in situ
production of antigens. DNA vaccines, for example, contain synthetic constructs that encode for the
expression of the antigen when successfully uptaken by cells after injection.(van Riel & de Wit, 2020)
Similarly, mRBNA vaccines induce protein production within a cell to induce potent immunogenic
responses at lower dosages, comparable to high a number of antigens expressed per cell.(Vogel et al.,
2018) Further, mRNA vaccines are non-infectious and have no inherent risk of insertional
mutagenesis,(Pardi, Hogan, Porter, & Weissman, 2018) attributes that make them an appealing
alternative to live-attenuated or inactivated vaccines. The use of this emerging technology, delivered by
lipid nanoparticles (LNPs) to produce the antigen directly inside the cell,(Schlake, Thess, Fotin-Mleczek,
& Kallen, 2012) has been approved to treat COVID-19 infection.(Oliver et al., 2020a, 2020b) This is
particularly exciting since the results have so far shown that these vaccines are highly effective against
preventing mild to severe COVID.(Mahase, 2020a, 2020b; Wendler, Ochoa, Millum, Grady, & Taylor,
2020) It is important to note that, in nearly all cases, these vaccines require constant refrigeration, and
the LNP-based mRNA vaccines require even more stringent cooling with freezing temperatures
required for shipping. This required cooling makes the delivery of vaccines expensive, and the cost of
keeping them cold can account for as much as 80% of the total cost of the immunization.(Ashok, Brison,
& LeTallec, 2017; Bogataj, Bogataj, & Vodopivec, 2005; Karishma, Donna, Timothy, & Neena, 2012;
Setia et al., 2002; Welch et al., 2018) This instability has made controlled release strategies for delivery
of LNP-based vaccines difficult, though emerging approaches using metal-organic frameworks have

shown considerable promise.(Fabian C. et al., 2021) The ideal 21st-century vaccine should be safe,



patient-friendly, and stable enough such that it can be stored at ambient conditions and provide long-
term immunity after one administration. Biomaterials have been investigated for the last three decades
as strong candidates to eliminate the need for booster shots and improve proteins’ stability. This
overview will focus on biomaterials that provide sustained release in vivo for vaccines against infectious
disease. Several reviews focus more specifically on cancer,(Abdou et al., 2020; J. Li et al., 2020; Yan
et al., 2020; Yuan, Liu, Wang, Sun, & Chen, 2020; Zhang, Billingsley, & Mitchell, 2018; Y. Zhao, Guo,
& Tang, 2018) which we will not discuss. Several excellent reviews are available that go into depth on

particular types of biomaterials, and we have made an effort to direct readers to reviews as appropriate.
[2. TYPES OF BIOMATERIALS]

Biomaterial technologies offer many advantages including biocompatibility, tuneable immunogenicity,
low reactogenicity and chemical stability over different classes of vaccine delivery systems. For the past
three decades biomaterial-based technologies such as synthetic and natural polymers, lipids, crystalline
scaffolds, microneedles, and other particle-carriers have rapidly emerged in order to improve vaccine
efficacy, safety and stability.(Shen et al., 2018; Uppu et al., 2020; J. Yang et al., 2015) Biomaterials
permit a design strategy that can combine an antigen, adjuvant, and growth factors into a single particle,
which can provide protection, enhance immune activation, control targeted delivery, minimizing number
of injection (dose), and reduce systemic and local toxicity.(Eric M. Bachelder et al., 2008; EImowafy et
al., 2019; Luzuriaga, Berry, Reagan, Smaldone, & Gassensmith, 2018; Sahdev et al., 2014) Several
biomaterials have been developed in the nano and micron-size, but, from a long list of available
biomaterials, only a few offer sustained release properties. In this section, we will discuss biomaterials
with excellent biocompatibility, biodegradability, and easily functionalized that make them ideal
candidates for sustained release vaccine delivery system.

[2.1 Synthetic biodegradable polymers]
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Figure 2: Chemical structures of commonly used synthetic biodegradable polymers used in vaccines.

Varying sizes of PLGA Microparticles

4900 nm_

Figure 3: SEM images of different PLGA particle sizes tested by the Ma lab to determine the effects it has on activating the
immune system. Reprinted from reference (Jia et al., 2017) with permission from American Chemical Society Copyright 2017.

Synthetic polyesters, including poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA),
polyurethane (PU), and poly(e-caprolactone) (PCL) are the most widely studied biodegradable
polymers in the biomedical and vaccine field—examples of biodegradable polyesters are shown in
Figure 2.(C.-H. Huang et al., 2016; Lou et al., 2009; Men, Tamber, Audran, Gander, & Corradin, 1997;
Sah, Toddywala, & Chien, 1995; J. Singh, Pandit, Bramwell, & Alpar, 2006; Su, Kim, Kim, Hammond,
& Irvine, 2009; C. Wang et al., 2004) These polyesters are synthesized either by condensation or ring-

opening polymerization and are degraded by hydrolysis of their ester backbones in vivo over a period



that is determined by the polymer’s composition. Several research reports focusing on these polymers
in vaccine delivery are listed in Table 1. These polymers have high biocompatibility, tunable
hydro/lipophilicity, high antigen loading, and sustained cargo release for in vivo applications(Allahyari
& Mohit, 2016; Bose et al., 2019; Sahdev et al., 2014). Further, they can be synthesized from nano to
micron sized and with various surface chemistries to provide selective cell targeting delivery (e.g. to
APCs) and showing switchable and stimuli-responsive behavior in cargo release.(Gu et al., 2019;
Morachis, Mahmoud, & Almutairi, 2012; Pawar, Mangal, Goswami, & Jaganathan, 2013) The synthetic
flexibility of polyester-based vaccine platforms for antigen encapsulation (e.g. single and double
emulsion solvent evaporation, nanoprecipitation, and spray drying) and administration route (e.g.
dermal, intranasal and subcutaneous) provides a selection of formulations that can enhance the
immune response activation. Among the polyester materials, PLGA copolymers are very well
represented—generally recognized as safe by the FDA—sustained release vaccine delivery vehicles
for both antigen and adjuvant thanks to their excellent safety profile.(LU et al., 2009; Silva, Soema,
Slitter, Ossendorp, & Jiskoot, 2016) PLGA is one of the most studied biomaterials effects of surface
charge,(Avgoustakis, 2004; Oyewumi, Kumar, & Cui, 2010) injection interval,(Shi et al., 2002) and
administration route,(lgartua et al., 1998) have been well characterized. Therefore, it is interesting that
that particle size was comprehensively investigated only recently by the Ma lab.(Jia et al., 2017) PLGA
(molar ratio for lactide/glycolide = 75:25, Mw = 13000 Da) particles were formulated using an oil in water
technique to obtain particle sizes at 500 nm, 900 nm, 2.1 yum and 4.9 ym, all having a similar negative
surface charge (Figure 3). Each particle was mixed with 25 pg of ovalbumin and injected
intramuscularly twice at two-week intervals. While each size showed good cell viability, uptake, and
overall sound immune activation compared to the antigen alone, the 900 nm particle proved to perform
the best in producing antibodies and cytokines compared to the other particle sizes. These studies show
that many variables contribute to immune activation, including surface charge, dosage, the interval of
injections, molecular weight, polymer ratio, and particle size. Despite the successful immunization seen
in vivo, PLGA particles and other polyesters face several significant limitations, including the production
of a local acidic environment following hydrolysis and synthetic conditions that use organic solvents and
high temperatures. These limitations can lead to protein denaturation, reduction in encapsulation
efficiency, and potential formulation bottlenecks if organic solvent must be removed from the formulated
polymer. To overcome these limitations, the Pokorski lab used melt-extrusion —a technique mainly used
by the plastic industry to melt and form thermoplastics.(Repka et al., 2012) In the last two decades melt
extrusion has been used in the pharmaceutical industry to form slow release formulations of small
molecule drugs. In 2017, the Pokorski lab demonstrated that mix powdered PLGA could be co-extruded
with a virus called Q3 to make pellets that could be implanted.(Parker W. Lee et al., 2017) A key to this
is that the group selected an especially robust virus that could survive the high temperature and sheer
stress. In 2021, the same group went a step further and covalently attached antigens against human
papillomavirus (HPC) on the surface of Qp to create a slow-release PLGA implant as an alternative for
vaccination.(Shao, Ortega-Rivera, Ray, Pokorski, & Steinmetz, 2021) In these experiments, they found

a strong humoral response from a single administration compared to mice receiving three



injections.(Ortega-Rivera, Pokorski, & Steinmetz, 2021) While this technique is limited to vaccine
platforms that are capable of lyophilization and elevated temperature without losing structure, the results

were nevertheless very promising.



Table 1: Common sustained release biodegradable biopolymers. N/D means the study did not discuss.

poly(ortho ester)
microspheres

PLGA-PCL blend
and copolymer

Poly(methyl
methacrylate)
(PMMA)

Layer-by-layer (LbL)
of cationic poly(B -
amino ester) films

PELC

Glycol chitosan
coated PLGA (GC-
PLGA)

PLA microspheres
coated with cationic
polymers (e.g.
chitosan)

Crosslinked
poly(methacrylic
acid) hydrogel
capsules

PELC

PELC-bioresorbable
polymer/Span®85/sq
ualene

Hydrophilic polymer
solutions

Cationic pentablock
copolymers

10

DNA plasmid
(pClneo-hsp65-
p1) and B-
galactosidase

Diphtheria toxoid
(DT)

CRT-E7 DNA

Ovalbumin

Ovalbumin

Hepatitis B
surface Antigen
(HBsAgQ)

HBsAg

Ovalbumin

Ovalbumin

Inactivated
H5N1+CpG

Influenza strains
(e.g. A/IHIN1)

Ovalbumin

Particle Size: 5 ym
Antigen Dose: 45 ug of DNA per pg of polymer.
Adjuvant: None
Key Result: Promotion of primary/secondary cellular and
humoral immunogenicity as well as tumor growth
suppression.
Particle Size: 250-270 nm
Antigen Dose: 5 ug of DT either intramuscular or
intranasal immunization
Adjuvant: Polymer hydrophobicity is considered to play a
pivotal role.

Key Result: Increased DT specific IFN-y production
compared to free polymer constituents.
Particle Size: 460+160 nm
Antigen Dose: 2 ug of CRT-E7 plasmid
Adjuvant: None
Key Result: High level stimulation of TNF-a production
and antitumor protection.

Particle Size: N/D (not discussed)

Antigen Dose: 5 pg/cm? of film
Adjuvant: CpG
Key Result: Up-regulation of the cell-surface activation
markers CD40, CD86, and MHC I
Particle Size: ~150 nm
Antigen Dose: 10 ug of OVA
Adjuvant: Considered PELC as adjuvant
Key Result: Enhanced antigen-specific T-cell responses
and enhanced APC recruiting at the injection site.
Particle Size: 164-181 nm
Antigen Dose: 10 ug of HBsAg
Adjuvant: Considered PLGA derivatives as adjuvants
Key Result: Augmented systemic and mucosal immune
response
Particle Size: 800-835 nm
Antigen: 4 ug of HBsAg
Adjuvant: Polymer matrix considered as
immunopotentiator
Key Result: Enhanced antigen uptake, adsorption, and
augmented humoral/cellular immunogenicity
Particle size: 1 ym and 500 nm capsules
Antigen Dose: 7 ug of OVA
Adjuvant: None
Key Result: Increased CD4 and CD8 proliferation in vivo
Particle Size: 300-500 nm
Antigen Dose: 10 ug of OVA
Adjuvant: PELC double emulsion considered as
immunopotentiator
Key Result: Enhanced CD11c* LN cell uptake and
augmented antigen-specific IgG antibody production.
Particle Size: 400-500 nm
Antigen Dose: 0.5 or 5 yg of inactivated H5N1
Adjuvant: CpG
Key Result: Augmented antibody count compared to
alum-adjuvanted counterpart.

Particle Size: N/D
Antigen Dose: 4.5 ug of hemagglutinin
Adjuvant: Xanthan gum, cationic lipid, and poly-_-arginine.
Key Result: Incorporation of influenza vaccine into nasal
inserts while conserving intact hemagglutinin-specific
activity.

Particle Size: N/D
Antigen Dose: 100 ug of OVA
Adjuvant: Pentablock copolymers considered as
adjuvants.

Key Result: Sustained antigen release in vivo (Depot

effect) and high antibody titers compared to controls.

(C. Wang et
al., 2004)

(J. Singh et
al., 2006)

(Lou et al.,
2009)

(Su et al.,,
2009)

(C.-H. Huang
et al., 2016)

(Pawar et al.,
2013)

(X. Chen et
al., 2014)

(Sexton et al.,
2009)

(C.-H. Huang,
Huang, &
Huang, 2019)

(M.-H. Huang
et al., 2010)

(Bertram,
Bernard,
Haensler,
Maincent, &
Bodmeier,
2010)

(Adams,
Haughney, &
Mallapragada,
2015)



PVP based hydrogen
bonded polymeric

microparticles

PLGA/ polylactide
blend particles

Polymeric
bioresorbable
amphiphiles

Acid-degradable
protein-loaded
polymer particles

Redox-responsive
hyperbranched
poly(amido amine)
and polymer dots

PLGA
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Ovalbumin

Tetanus toxoid
(TT)

Ovalbumin

Ovalbumin

Ovalbumin

Ovalbumin

Bovine serum
albumin (model
antigen)

Hepatitis B
surface antigen
(HBsAQ)

OVA and
influenza split
vaccine antigen
(H5N1)

Denatured insulin

MVFMF2
(peptide vaccine
for human T-
lymphotropic
virus type 1)

Particle Size: 1 ym in diameter
Antigen Dose: 50 ug of OVA
Adjuvant: None.
Key Result: Induction of humoral and antigen-specific
immunogenicity
Particle Size: mean size of 3 ym and 630 nm
Antigen Dose: 30 ugof TT
Adjuvant: Considered polymer blend as adjuvant
Key Result: Anti-TT antibody titer presence in immunized
rats for > 5 months after injection
Particle Size: 100 nm

Antigen Dose: 10 ug of OVA

Adjuvant: Polymeric matrix considered as adjuvant
Key Result: Depot effect generated from slow polymer
degradation in vivo and enhanced antigen-specific
antibody titer count when compared to naked OVA
Particle Size: 250-500 nm
Antigen Dose: 50 ug of OVA
Adjuvant: Hydrophilicity of polymer matrix considered as
immunopotentiator.

Key Result: Enhanced MHC class | presentation, tumor
immunity in murine models, and prolonged mice survival
rate after challenge experiment.

Particle Size: ~ 180 nm
Antigen Dose: ~ 30 ug of ovalbumin
Adjuvant: None
Key Result: The polymer systems produce higher OVA
IgG2a/lgG1 antibody ratio, increase production of cytokine,
and improved activation of CD4+/CD8+ T cells levels
compared to ova alone
Particle Size: 200 — 300 nm
Antigen Dose: ~ 50 pg of ovalbumin
Adjuvant: Freund complete adjuvant
Key Result: Goal of the study was to determine how
charge and antigen loading mode affects the immune
response. Antibodies and the activation of immune cells
were investigated
Particle Size: 10 ym
Antigen Dose: ~ 70 or 400 ug of BSA depending on
formulation
Adjuvant: Mentions PLGA is considered an adjuvant
Key Result: Determined PLGA formulations with pulsatile
release that could mimic common vaccine dosage
regimen. Single injections of PLGA formulation Similar
antibody production was generated compared to three
bolus injections.

Particle Size: 25 — 45 ym
Antigen Dose: 3 — 12 g of HBsAg
Adjuvant: Alum
Key Result: Single injection can provide similar antibody
response compared to two injections
Particle Size: 500, 900, 2100, and 4900 nm
Antigen Dose: 25 ug of OVA and 3 pg Influenza
Adjuvant: IMQ
Key Result: They showed that different sizes of PLGA can
affect the the immune response. Particle size of 900 nm
had a stronger humoral response based on antibodies and
cellular response based on cytokines
Particle Size: ~2 ym
Antigen Dose: 20 mg of insulin
Adjuvant: CpG
Key Result: Used the immune system to prevent Type 1
Diabetes. PLGA was used to release antigens slowly and a
commercial hydrogel (PuraMatrix) was used to recruit
immune cells. The vaccine protected 40% of mice from
becoming diabetic.

Particle Size: ~ 10 ym
Antigen Dose: 1 mg of peptide in rabbits
Adjuvant: nor-MDP
Key Result: The peptide encapsulated within PLGA
produced high antibody titers after a single injection
without the use of an adjuvant

(Dierendonck
etal., 2014)

(Raghuvanshi,
Singh, &
Panda, 2001)

(C.-Y. Huang
etal., 2018)

(Standley et
al., 2004)

(Lv et al.,
2017)

(Gu et al.,
2019)

(Guarecuco et
al., 2018)

(Shi et al.,
2002)

(Jia et al.,
2017)

(Yoon et al.,
2015)

(Frangione-
Beebe, Rose,
Kaumaya, &
Schwendeman
, 2001)
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Plasmid
expressing HBV
small envelope

antigen

Inactivated AIV

Ovalbumin

HIV-1 peptide
immunogen
(200M)

Tetanus toxoid
(TT)

rgp120 (subunit
protein for HIV-1)

rCDPK®6 &
rROP18
(recombinant
protein in
Toxoplasma
gondiii)

Hepatitus B
antigen (HBsAg)

CAMP factor
(conserved
virulent protein
on streptococcus
agalactiae)

Qp

Particle Size: ~2 - 6.5 ym
Antigen Dose: 20 or 100 pg of PLGA containing plasmid
Adjuvant: CpG
Key Result: Mice immunized with PLGA containing
plasmid had an increase in CD11c+ cells, higher levels of
antibodies, IFN-y secretion, and cytotoxic T lymphocytes,
which provided protection against HBsAg-expressing
tumors compared to naked DNA.
Particle Size: ~ 750 nm
Antigen Dose: 20 ug of AlV
Adjuvant: CpG
Key Result: Promotion of Mucosal and systemic
immunogenicity from PLGA nanoparticles measured by the
increase in antibody production
Particle Size: ~ 250 nm
Antigen Dose: 100 ug of ovalbumin
Adjuvant: alum
Key Result: PLGA is compared to Lipsome at the same
size. PLGA formulation that released antigens slower
produced a strong cellular response and reduced CFU
compared to Liposome and alum
Particle Size: ~1 -3 ym
Antigen Dose: 300 — 750 pg peptide in guinea pigs
Adjuvant: alum
Key Result: To determine the safety, toxicity, and
pyrogenicity of the PLGA microparticle. The microparticles
showed high levels of serum IgG and neutralizing
antibodies against HIV.
Particle Size: ~ 10 — 50 ym
Antigen Dose: 15 ug TT
Adjuvant: alum
Key Result: TT was radiolabeled ('4C) to monitor the
release from PLGA or alum. They showed that alum did
not act as a depot when injected, whereas PLGA forms a
depot for approximately 1 month at the injection site
Particle Size: ~ 40 — 50 ym
Antigen Dose: 60 g guinea pigs & 150 — 300 pg for
baboons
Adjuvant: QS-21 or alum
Key Result: Different PLGA ratios were developed to
deliver antigens as a pulse release to eliminate the need
for multiple immunizations. They showed that continuous
release had less antibody production and decayed more
rapidly than pulsatile
Particle Size: N/D
Antigen Dose: 10 ug of each protein
Adjuvant: Montanide™ ISA 206 VG
Key Result: The recombinant proteins induced a Th1
biased immune response, higher antibodies, and high
levels of IFNy against the intracellular parasite T. gondii.
This led to an improvement in survival for mice injected
with rROP18 + PLGA
Particle Size: ~ 4 ym
Antigen Dose: 7.5 ug of HBsAg
Adjuvant: Alum
Key Result: The characteristics and degradation of the
polymer was considered in the study for developing a
single dose vaccine against hepatitis B. A single injection
produced serum antibodies comparable to three injections
of alum with HBsAg
Particle Size: 1 —5 ym
Antigen Dose: 10, 100, or 1,000 pg of CAMP factor
Adjuvant: None, but consider PLGA to be adjuvant
Key Result: Developed a single dose vaccine against S.
agalactiae. The mice injected with CAMP encapsulated
within PLGA had a greater antibody response and higher
survival rate when challenged
Particle Size: Implant
Antigen Dose: 150 ug for implant and 50 ug for each
injection
Adjuvant: None

(X. He et al.,
2005)

(Alkie,
Yitbarek,
Taha-
Abdelaziz,
Astill, & Sharif,
2018)

(Demento et
al., 2012)

(O'Hagan et
al., 1995)

(Gupta,
Chang, Giriffin,
Rivera, &
Siber, 1996)

(Cleland et al.,
1998)

(N.-Z. Zhang
et al., 2016)

(Feng et al.,
2006)

(G. Liu etal.,
2017)

(Parker W.
Lee et al.,
2017)



Key Result: Developed a single dose vaccine using melt
extrusion. The mice injected with QB produced antibodies
similar to three subcutaneous injected mice.

Particle Size: Implant
Antigen Dose: 100 pg for implant, 30 g for each injection
Adjuvant: None
Key Result: Conjugated L2 to the surface of QB and

QB-L2 (a peptide lyophilized. The lyophilized QB-L2 was mixed with (Shao et al
epitope from powdered PLGA for melt extrusion to produce pellets. The 2021) v
HPV) pellets were implanted into mice and produced antibodies

similar to mice receiving three subcutaneous injections. In
addition, they did an in vitro study to show that the sera of
the implanted mice prevented infection more efficiently
compared to mice implanted with the peptide alone
(Lagreca et

al., 2020; P.
W. Lee &
Pokorski,
Recent PLGA in vaccine delivery reviews 2018; Lofano,
Mallett,
Bertholet, &
O'Hagan,
2020)
[2.2 Polysaccharides]
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Figure 4: Chemical structures of commonly used polysaccharides used in vaccines.
Polysaccharides, or glycans, are carbohydrate polymers composed of monosaccharide subunits linked

via glycosidic bonds, some examples are shown in Figure 4. Polysaccharides are a very broad class
of compounds found in plants, bacteria, fungi, and even mammalian cells. They are typically extracted
and processed from biomass as complex polymers differing in the type of saccharides used and the
nature of their linkages. Polysaccharides, such as alginate,(Nagpal, Kesarwani, Sahu, & Upadhyay,
2019; Sarei, Dounighi, Zolfagharian, Khaki, & Bidhendi, 2013) cellulose,(H. Wang & Roman, 2016)
chitosan,(Harde, Agrawal, & Jain, 2014; Van Der Lubben, Verhoef, van Aelst, Borchard, & Junginger,
2001) dextran,(E. M. Bachelder, Beaudette, Broaders, Dashe, & Frechet, 2008; N. H. Chen et al., 2018;
Gallovic et al.,, 2016; Moore et al.,, 2020) hyaluronic acid,(Bussio, Molina-Perea, & Gonzéalez-

Aramundiz, 2019) and starch,(Rydell, Stertman, & Sj6holm, 2005) have been explored in controlled
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vaccine delivery system and several examples of these efforts are provided in Table 2. Significant
properties that have attracted researchers to natural materials are their good water solubility, ease of
preparation, and simple chemical modification. Additionally, these biologically sourced particles have
led to effective oral and intranasal vaccine administration that have advantages over parenteral
injection, such as patient compliance and convenience of at-home self-care vaccination.(Harde,
Agrawal, & Jain, 2015; Walke et al., 2018) Among the natural materials, chitosan has been studied
heavily and evaluated in humans for the potential use in vaccination against infectious diseases owing
to its high safety and ease of clearance.(Jabbal-Gill, Watts, & Smith, 2012; B. Singh et al., 2018; Xing
et al., 2018) Twenty years of research has shown that chitosan significantly enhances APC uptake
through electrostatic interaction owing to its positively charged nitrogens and bendability with other
biomaterials (e.g. PLGA), synergistically enhance immune activation.(Bobbala, Gibson, Gamble,
McDowell, & Hook, 2018; Gordon et al., 2012; Highton, Kojarunchitt, Girardin, Hook, & Kemp, 2015)
The mechanism by which chitosan enhances an immune response was comprehensively explored in
2016 by the Xu Lab.(Z.-B. Wang et al., 2016) For this study, they used hepatitis B antigen and mixed it
with acid-soluble chitosan for in vitro and in vivo adjuvant mechanistic evaluation. Their study showed
that the intranasal delivery of chitosan mixed with antigens involves a depot effect produced by insoluble
chitosan at physiological pH found in the extracellular fluid. In contrast, chitosan can facilitate
endosomal escape of the encapsulated antigen, which is schematically shown in Figure 5. This was
corroborated in vitro with higher dendritic cell activation and in vivo with improved cell mediated
activation. Again, this study shows the importance of understanding the biomaterial properties—as it is
possible that adjuvants may not be needed for some of these biomaterials, and some are starting to

consider biomaterials to have adjuvant properties.

B & e 1 MHC | pathway
Soluble Insoluble Soluble
Endosomal escape

Antigen Aggregation \
4 &

D <5 =
9

(i:kii .5'

G @

» T

Chitosan Antigen release kd

N\
/

&

Nasal cavity Extracellular fluid Endosome I h
(acidic pH) (physiological pH) (acidic pH) MHC 1l pathway

Figure 5: The Xu lab investigate chitosan with antigen to evaluate it as a potential adjuvant and determine the mechanism of
immune activation. Republished with permission from Royal Society of Chemistry for reference (Z.-B. Wang et al., 2016);
permission conveyed through Copyright Clearance Center, Inc.
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Table 2: Common sustained release polysaccharide biopolymers. N/D means the study did not discuss.

Diphtheria toxoid
(DT)

Mycobacterium
particles (Bacille
Calmette—
Guérin)

Alginate particles

Pasteurella
multocida

Hepatitis B
surface antigen
(HBsAg)

BSA

Tetanus Toxoids
(TT)

Ovalbumin

Chitosan particles

GRA-1 pDNA

rHBsAg

Tetanus,
diphtheria, and
divalent toxoids

Bovine serum
albumin

15

Particle Size :< 100nm
Antigen Dose: Two dose of 10Lf/ml DT (0.5 ml)
Adjuvant: Toxoid
Key Result: Extended sustained release of Diphtheria
toxoid in vitro and invoke highest humoral immune
response in guinea pig model than conventional
counterpart
Particle Size: 2-4 ym
Antigen Dose: 2000-3000 bacilli
Adjuvant: None/ but considered BCG/MIP provide
adjuavant eddect
Key Result: Developed superior immune response and
higher protection in mice than the liquid aerosol against
H37Rv infection
Particle Size: 6 um
Antigen Dose: 2.08 x 107 cells
Adjuvant: None/ used oil adjuvant as a control
Key Result: high antigen loading efficiency and long
physiochemical stability along with sustained release profile
over 30 days in vivo
Particle Size: 397.1 nm
Antigen Dose: 2ug of HBaAg
Adjuvant: None
Key Result: Formulation enhanced uptake of antigen by
DC and promoted their maturation , also showed an
augmentation of cellular and mucosal immunity
Particle Size: between 150 — 200 nm
Antigen Dose: 50 pg/mice
Adjuvant: None
Key Result: High systemic (serum IgG titer), mucosal
(secretory IgA) and cell-mediated (IL-2 and IFN-g) immune
responses
Particle Size: 123 nm
Antigen Dose: immunized twice with 5 Lf TT
Adjuvant: None but stable glucomannosylated chitosan
NPs considered as an adjuvant
Key Result: High cellular uptake and in vitro stability,
Higher humoral, mucosal, and cellular immune response
compare to commercial TT vaccine
Particle Size: 280 nm
Antigen Dose: 20 ug OVA
Adjuvant: N-trimethyl chitosan
Key Result: Increased in vitro DC uptake and in vivo IgG
antigen specific titers
Particle Size: 400 nm
Antigen Dose: 50 pg
Adjuvant: None
Key Result: High antigen specific antibody counts in vivo
Particle Size: 200 nm
Antigen: 10 pg
Adjuvant: None but polysaccharide chitosan considered as
an adjuvant
Key Result: High stability and sustained release ,
Enhanced anti-HBsAg IgG count compared to alum-
absorbed counterpart
Particle Size: 1-20 ym
Antigen Dose: 0.5 Lf/6 pL
Adjuvant: None
Key Result: High antibody count after subcutaneous
administration of antigen loaded microspheres
Particle Size: 125-203 nm
Antigen Dose: immunized twice with 20 ug
Adjuvant: Alum and CpG as a control groups
Key Result: Antigen loaded aminated and aminated plus
thiolated chitosan showed a high protein loading efficiency
and biocompatibility, high levels of systemic antibodies
(IgG, 1IgG1 and IlgG2a) and Th1/Th2 immune response

(Sarei et al.,
2013)

(Nagpal et al.,
2019)

(Nimtrakul,
Atthi,
Limpeanchob,

& Tiyaboonchai,

2015)

(Z.-B. Wang et
al., 2016)

(Harde et al.,
2014)

(Harde et al.,
2015)

(Sldtter et al.,
2010)

(Bivas-Benita et
al., 2003)

(Prego et al.,
2010)

(Hashem,
Fahmy, El-
Sayed, & Al-
Sawahli, 2013)

(Sinani et al.,
2019)



Chitosan gel-based

grafted copolymer

Acetalated dextran

decorated cationic
lipid—PLGA hybrid
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formulations

Poloxamer 407-
chitosan (CP)

loaded in PLGA

Dextran

Acid-sensitive
silylated
polysaccharides
(dextran)

Hyaluronic acid-

nanoparticles

viz. Diphtheria
toxoid, whole cell
pertussis
antigens and
tetanus toxoid

Ovalbumin
loaded cationic
nanosized
liposomes and
cubosome

Ovalbumin

Ovalbumin

Matrix protein 2
(M2e)

Ovalbumin

Ovalbumin

Ovalbumin

HBsAg

Particle Size: <2 ym
Antigen Dose: 30 unit/ml
Adjuvant: None
Key Result: high cellular uptake and negligible in vitro
toxicity. Enhanced systemic (IgG) and mucosal (slgA)
immune response
Particle Size: 200 or 700 nm
Antigen Dose: 20 ug OVA
Adjuvant: Quil A
Key Result: Induction of cluster of differentiation C8" and
CD4" T-cell proliferation and the production of interferon
(IFN)-y and OVA-specific antibody
Particle Size: N/D
Antigen Dose: 20 ug of OVA
Adjuvant: Quil-A
Key Result: Production of ovalbumin-specific memory
CD8" T cells and protection from subcutaneous melanoma
challenge 30 days later
Particle Size: 325 nm
Antigen Dose: 20 pg of OVA
Adjuvant: MPL, QA
Key Result: Strong, long lasting, cellular and humoral
responses and significantly longer survival time for tumor
bearing mice.
Particle Size: 0.2 -3 um
Antigen Dose: M2e (10 pg)
Adjuvant: cGAMP
Key Result: Induced robust humoral and cellular immune
response, cross reactivity against multiple flu viral strains
and tunable delivery profiles of antigen and adjuvant with
different formulations
Particle Size: small (0.67 x 10.2 um?), medium (1.28 x
20.7 um?), and large (5.67 x 90.2 ym?)
Antigen Dose: (0, 0.02, 0.1, 1, and 10 pyg/mouse)
Adjuvant: resiquimod
Key Result: Stimulated humoral response for blank MCand
effective Th1 -skewed immune response for small and
medium sized MC along with the adjuvant
Particle Size: 200 — 300 nm
Antigen Dose: 200 pL using 50 ug OVA
Adjuvant: Alum
Key Result: Increased cellular and humoral response
compared to alum-adjuvanted counterpart
Particle Size: 236 nm
Antigen Dose: 30 pg of OVA
Adjuvant: None
Key Result: Both MHC-I and MHC-II antigen presentation.
Up-regulation of MHC, co-stimulatory molecules and
cytokines. Antigen-specific CD4+ and CD8+ T-cell
responses, the production of antigen-specific IgG
antibodies and the generation of memory T cells
Particle Size: 100 nm
Antigen Dose: 1 ug of HBsAg
Adjuvant: considers delta inulin an adjuvant
Key Result: Enhanced the production of anti-HBsAg
immunoglobulin compared to HBsAg alone or with HBsAg
combined with Gl. Induced antigen specific CD4 and CD8
T-cell responses

Recent polysaccharides in vaccines reviews

(Walke et al.,
2018)

(Gordon et al.,
2012)

(Highton et al.,
2015)

(Bobbala et al.,
2018)

(N. H. Chen et
al., 2018)

(Moore et al.,
2020)

(Gallovic et al.,
2016)

(L. Liu etal.,
2016)

(Cooper &
Petrovsky,
2011)

(Eric M.
Bachelder,
Pino, & Ainslie,
2017; Moran,
Turley,
Andersson, &
Lavelle, 2018;
Sunetal,,
2018; D. Y.
Zhao et al.,
2018)



[2.3 Others]
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Figure 6: A) The Appel Lab formulated different hydrogels to tune the release and determine the activation of the germinal
center in the draining lymph node. Reprinted from reference (Roth et al., 2020) with permission from American Chemical
Society Copyright 2020. B) Coprecipitation begins by adding ovalbumin into water containing PVP. Zinc and 2-methylimidazole
in methanol are mixed together and placed in an ultrasonic bath for 10 min to react. After 10 minutes, PVP + ovalbumin is
added and sonicated for an additional 3 minutes. The resulting solution is washed with methanol and centrifuged—the washing
is done three times. CPG is later mixed and adsorbs to the surface to make ova@ZIF-8-CPG. Reprinted with permission from
John Wiley and Sons for reference (Y. Zhang et al., 2016) Copyright 2016.

Biocompatible hydrogels, proteins, and more recently metal-organic frameworks (MOFs) are other
biomaterials that have been used for drug delivery.(A. L. Z. Lee, Yang, Gao, Hedrick, & Yang, 2019; L.
Liu et al., 2016; Maghrebi, Jambhrunkar, Joyce, & Prestidge, 2020; Yoon et al., 2015) Several research
reports focusing on these biomaterials in vaccine delivery are listed in Table 3. A significant advantage
of these materials is their ability to self-assemble with antigens under aqueous conditions and their
availability for multiple and site-specific post-synthetic modifications.(Corthésy & Bioley, 2018; Salatin
et al., 2016; N. Wang, Chen, & Wang, 2019) An advantage of hybrid or blended biomaterials is that
formulations can be tuned beyond nano or microparticles or solid implants. For example, an excellent
study by the Appel Lab investigated the encapsulation of ovalbumin and Poly(1:C), a toll-like receptor-3
agonist, using differently formulated hydrogels.(Roth et al., 2020) The hydrogels were composed of
PEG-PLA nanoparticles and hydroxypropylmethylcellulose derivatives at different ratios. The focus of

the paper was to show an improve immunogenic response compared to free ovalbumin and adjuvant,
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showing the 2:10 ratio had slower delivery, prolonged germinal center activation (Figure 6A), and
produced a better overall humoral response compared to the bolus and 1:5 ratio injections. While the
toxicity, dosage, and length between each injection remain open questions, this work elegantly tied
recent discoveries in formation of germinal centers with persistent immunity(Boopathy et al., 2019; Tam
et al., 2016) and compellingly demonstrated a proof-of-principle approach.

MOFs have also recently emerged as effective antigen depots that impart thermal stability to entrapped
proteins. A unique feature of MOFs is that, they are entirely crystalline metal-coordination polymers.
The use of a metal center to bridge multiple ligands that connect to other metals and those in turn
connects to yet more ligands creates a thermodynamically stable framework that can protect proteins
from thermal denaturation. These metal-ligand interactions also offer kinetic lability, which permits
complete dissolution into monomers in the presence of intensely competitive biological anionic metal
binders like phosphate. While many MOFs use transition metals that would be difficult to translate, iron
and zinc-based MOFs have found success in drug delivery and have recently been employed for
vaccine delivery. (Miller et al., 2010)

In 2016, the Qu lab encapsulated ovalbumin within polyvinylpyrrolidone (PVP) and co-precipitated this
composite material in methanol with zinc and methyl-imidazole, forming the MOF ZIF-8 around the PVP
encapsulated ovalbumin (Figure 6B and Figure 7A-B).(Y. Zhang et al., 2016) They showed that less
than 20% of antigen was released when incubated in pH 7.4 PBS buffer; however, they found that ~90
% of the antigen would be released after 2 h when the pH was lowered to 6.0, stating the antigen would
only release after endocytosis. They injected mice subcutaneously and showed their system combined

with the adjuvant CpG increased total anti-ova IgG and produced a balanced Th1/Th2 response
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Figure 7: (A) Cartoon illustration of the construction of a ZIF-8. (B) Crystal structure of ZIF-8 showing cage and pores in the
extended lattice and how they are connected by zinc and imidazole. (C) Conceptualization of the synthesis and product of a
biomimetic mineralization process where the viral proteins from tobacco mosaic virus (TMV) triggers the growth and then results
in its entrapment inside the framework (TMV@MOF).
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compared to free ovalbumin + CpG. This was quite a groundbreaking discovery at the time, but the use
of methanol to create ZIF-8 presents numerous issues as most proteins denature in methanol, which
means proteins would have to be pre-encapsulated in a different polymer before encapsulation in ZIF.
Our group overcame these drawbacks by using a method to grow ZIF-8 directly on the surface of viral
nanoparticles in a ‘biomimetic mineralization’ process (Figure 7C).(Ellis et al., 2019; S. Li et al., 2018;
S. Li et al., 2016; Ricco et al., 2018)

Biomimetic mineralization differs from coprecipitation used with PVP coated antigens because the
polarized protein backbone and sidechains induce direct growth of the MOF under purely aqueous
conditions. Further work by us and the Falcaro group found that endosomal uptake is not needed to
degrade the ZIF coating, instead, the coating is degraded when incubated in serum because metal ions
are extracted by serum proteins and biological inorganic salts (e.g. phosphate and acetate).(Luzuriaga,
Benjamin, et al., 2019; Luzuriaga, Welch, et al., 2019) (Velasquez-Hernandez et al., 2019) Luzuriaga
et al showed that subcutaneous injection of ZIF coated viral nanoparticles indeed slowly release for 10
days and promote a robust humoral response in the absence of adjuvant.(Luzuriaga, Welch, et al.,
2019) This study was interesting because they showed a more stable method to encapsulate antigens
and demonstrated that the biomaterial could enhance the immune system without the need of the
adjuvant. A more recent development has shown that biomimetic coating of ZIFs on lipid
nanoformulations promote their stability for many months in the mail.(Fabian C. et al., 2021) This could
have potential applications for stabilizing the newest lipid-based vaccines. However, ZIF-8 formulations
have yet to be studied for how patrticle size, dosage, and surface modification affect immune activation.
The dissection of these biomaterials and newly developed polymer systems that offer sustained release
attributes needs to be further investigated, specifically on the tuning of size, charge, dosage, and

frequency of injections the biomaterial itself has activation of the immune system.

Table 3: Other common sustained release biomaterials. N/D means the study did not discuss.

Particle Size: N/D
Antigen Dose: 100 ug of OVA (Roth et
Ovalbumin Adjuvant: Poly(I:C) al.,
Key Result: 1000-fold increase in antigen-specific antibody affinity. Increased 2020)
potency and durability of the humoral immune response
Particle Size: N/D
Antigen Dose: 3 subcutaneous injection of 20 ug of OVA

Self-healing
polymer
nanoparticle
(PNP) hydrogel

. Adjuvant: considers the hydrogel to be an adjuvant (T. He
self-adjuvanted . . L . . "
hydrogel Ovalbumin Key Result: Did an‘ in vitro study tf) show an increase in uptake by dendritic etal,
cells and the cytokines produced in the supernatant. They also showed an 2021)
enhanced production of antibodies compared to mice injected with just ova or
alum/ova.

Zeolitic Particle Size: 200 nm v
imidazolate Antigen Dose: 312.5 ug of OVA@ZIF-8-CpG Zhar.19

framework-8 (ZIF- Ovalbumin Adjuvant: CpG ot al
8) over PVP Key Result: Induced strong humoral and cellular immune response by 2016.’)

composite facilitating the co-delivery of OVA and CpG ODNs to the same APCs
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Particle Size: rod shape ~ 100 x 350 nm (Diameter x Length)

Tobacco Antigen Dose: 10 g of TMV (Luzuria
) . ga,
ZIF-8 Mosaic Adjuvant: None Welch
Virus, RNA Key Result: Enhanced thermal and chemical stability of TMV within ZIF-8 ot al ’
plant virus (TMV@ZIF) and sustained release of TMV over the course of 14 days. Mice 2015’)
injected with TMV@ZIF produced more antibodies compared to TMV group
Particle Size: N/D
Antigen Dose: 200 ug of OVA A LZ
Vitamin E-PEG- Adjuvant: Alum Lée .et-
Vitamin E triblock Ovalbumin Key Result: Increased survival (66.7%) compared to other formulations (12.5- al
‘ABA’ hydrogel 50%) over 100 days in lymphoma metastasis mouse model. Mice vaccinated 201':9)
with hydrogel formulations showed an increased quantity of antibodies
compared to solution formulations
Microneedle Size: 170 um long, 36 needles per array for mice or 729 needles
Ceramic per array for human example
nanoporous Ovalbumin Antigen Dose: 40 nmol OVAzs7.264 (Boks
microneedle specific Adjuvant: Agonistic anti-CD40 antibodies etal.,
arrays(npMNA) peptides Key Result: Triggered antigen specific CD8" effector T cell response in vivo 2015)
and the frequencies of induced IFN-g-specific effector CD8+ T cells were found
to be comparable with those induced via conventional needle-syringe injection
Particle Size: N/D
Lyophilized RTA Antigen Dose: Volume correspc.mding .to 1% of mice body mass (10 uL/g) (Smalls
recombinant Mutated ricin ) . Adjuvant: Alum . . h.aw &
protein (RIVax) Key Besult. The vaccine on.alum was a.s protective as 10-fold more. vaccine Vitetta,
without alum. Proven antigen protection for 12 months storage without 2010)
refrigeration and efficacy with or without alum
(Kim,
Microneedle Size: 700 um in length and 160 ym in width Quan,
Antigen Dose: Microneedles coated with 0.4 ug of inactivated influenza virus. Compa
Metal Seasonal R
microneedle influenza Adjuvant: None ns,
. Key Result: Triggered a robust systemic and functional antibodies and Kang, &
patches strains ) ) ) . . )
provided complete survival after lethal dose challenging experiments similar to | Prausni
those from conventional intramuscular injection. tz,
2010)
Particle Size: 260 to 350 nm
Antigen Dose: 15 pg of Ova
Lipid- A.djuvant: Imiquinjod and mcinophosphqwl Ii;?id A (MPL) . e
based cubosome Ovalbumin Key I.?.esult. Enl.wanc.ed CD4*, and C.D8 T cell prollferatlor?. Produced all'ltlgen el
s specific IgG antibodies to alum and increased the production of production of 2013)
Th1 type cytokine IFNy. Also, efficient in antigen-specific cellular responses
and equally as effective in generating humoral responses compared to the
liposomes containing the same adjuvants.
Particle size: Less than 1000 nm
. Antigen Dose: 60 mg of HSV-2 protein
pﬁ:{:’;::’te HSV-2 & Adjuvant: calcium phosphate (CAP) and Alum (g';_e
nanoparticles EBV Key Result: Augmented a higher IgG2a antibody titers and a lower IgE 2000’)
response relative to the alum adjuvant and protection against live HSV-2
infection
Particle size: 180 nm
Antigen Dose: three varying doses from 10 — 50 pg (Hasan
CFT073 .
Silk Fibroin (epitopes for Adjuvant: Alum zadeh
FimH & IutA) Key Result: The mice receiving epitopes within hydrogel produced the most etal.,
19G1, 1I9G2a, and IgA in sera. In addition, there was higher antibodies found in 2020)
the urine and higher cytokine levels measured from splenocyte restimulation.
Microneedle Size: 250 um at the base, 650 um in height with a pitch of 250
Silk fibroin based um (Boopat
solid pyramidal HIV-1 Env Antigen Dose: 5 g of trimer hy et
microneedle (MN) trimer Adjuvant: TLR2 agonist pam3CSK4 and the TLR3 agonist polyl:C al.,
arrays Key Result: Enhanced humoral immunogenicity. 1,300-fold higher serum 2019)

MD39-specific IgG titer than the equivalent intradermal injections at week 13

[3. THE INTERACTION BETWEEN ANTIGEN AND BIOMATERIAL]



Weak immunogenicity and short-term stability are some limitations associated with subunit antigens,
where a standard solution to overcome these is to use biomaterials as delivery/protection
vehicles.(Reddy, Swartz, & Hubbell, 2006; Y. Wang, Deng, Kang, & Wang, 2018; Yenkoidiok-Douti &
Jewell, 2020) Biomaterials can be a host that stabilizes antigens against denaturing conditions (e.g.
absence of refrigeration) and can be tailored to achieve different release profiles (e.g. sustained and
pulsatile), which can augment the desired immune activation, and in some cases, can provide lifetime
immunity from a single dose.(Frangione-Beebe et al., 2001) However, a significant challenge
associated with their usage is the formulation of antigen/biomaterial to achieve optimal therapeutic
efficacy. Figure 8 illustrates several antigen/biomaterial interaction approaches developed over the
years. In this section, we discuss some of the forces driving such interactions, the methods to test the

protein stability, and briefly mention their performance when injected in murine models.
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Figure 8: A schematic of different ways biomaterials interact with antigens. Each approach has focused to improve delivery of
the antigens in order to enhance the immune response. Encapsulation and infiltration have been more heavily investigated

owing to the potential stability they offer to the antigens trapped within. Created with BioRender.com

[3.1 Interaction and Release]

The interaction between the antigen and biomaterial can be broadly classified into five categories;
surface adsorption, mixing, encapsulation, conjugation, and infiltration.(L. Zhao et al., 2014) Surface
adsorption for example, is entirely driven by electrostatic or hydrophilic’/hydrophobic interactions leading
to the weak attachment of the antigen to the surface of the biomaterial. Thus, when tested in vivo, the
composite readily dissociates, exhibiting a burst release kinetics profile.(Mody et al., 2013) Differently,
conjugation relies on chemical crosslinking of the antigen to the biomaterial, and release is achieved
through biomaterial decomposition either intracellularly or extracellularly and this interaction can be
used to improve immunogenicity.(Slutter et al., 2010) Encapsulation is achieved through mixing the
antigen and biomaterial precursors during synthesis.(Q. He et al., 2000). Antigens encapsulated are
gradually released in vivo through biomaterial degradation or when taken up by cells and digested in
low pH compartments. For sustained-release kinetic profiles, adsorption and encapsulation interactions
are currently the most investigated interactions for improving vaccines.(Alkie et al., 2018; Bivas-Benita

et al., 2003; Boks et al., 2015; X. He et al., 2005) While adsorption studies have focused more on the
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uptake of the biomaterial rather than a slow release of antigen,(X. Chen et al., 2014) most in vivo studies
for sustained release use encapsulation as it offers both long-term stability and slow release for single
injection vaccinations.(Pawar et al., 2013; Sexton et al., 2009) For the development of single injection
vaccinations, slow or consistent release has been most studied in vivo and has shown significant
immune system stimulation. (C.-H. Huang et al., 2019; M.-H. Huang et al., 2010) A concern articulated
by some researchers has been that antigen persistence can lead to immune cell exhaustion and lower
antibody affinity to antigens.(Han, Asoyan, Rabenstein, Nakano, & Obst, 2010; Mueller & Ahmed, 2009;
Tam et al., 2016; S. Wang et al., 2015) Instead, pulsatile release seems to be a better alternative as it
mimics a single injection followed by several booster shots.(Cleland, 1998) For example, in 2018 the
Langer Lab investigated 16 different formulations of PLGA and took three formulations that exhibited
pulsatile release profiles.(Guarecuco et al., 2018) The goal of this study was to show that pulsatile
release could develop a humoral response identical to a single injection, followed by two booster shots.
They focused on the biomaterial and IgG production and future studies will need to consider cytokine
production and look at further tuning the material to elongate the pulse from two weeks to two months

to mimic better the injections schedule of current vaccines.

[3.2 Antigenicity and Long-term Stability]

Biomaterials play a pivotal role in vaccine development, as they can improve the stability of the antigens
encapsulated within. Since one aspect of thermal stabilization is to enable stockpiling of vaccines,
antigenicity and epitope stability must be monitored for many months. Stability in vitro is typically
investigated for shorter periods (several weeks to months) using circular dichroism, western blot, or
enzyme-linked immunosorbent assay (ELISA) to determine the stability of model proteins—typically
ovalbumin.(Shi et al., 2002; Smallshaw & Vitetta, 2010) While ovalbumin is exceptionally well
characterized and a cottage industry of antibodies, antigen-specific cell lines, and assays are available
to study how formulations of ovalbumin affect the immune system, ovalbumin is relatively stable and
studies that include ovalbumin should include other antigens as well.(Adams et al., 2015; Bertram et
al., 2010; Dierendonck et al., 2014; Kim et al., 2010; Prego et al., 2010) The Tiyaboonchai lab
encapsulated Pasteurella multocida within alginate microparticles for subcutaneous injections. Key to
this study was a six-month storage test, where antigenicity was investigated in samples kept either at 4
or 37 °C.(Nimtrakul et al., 2015) Results revealed that mice injected with either formulation elicited an
immune response similar to freshly encapsulated antigens. This study provides an ideal experimental
template for single-dose vaccination investigations. Future investigations should focus on long-term
stability. Researchers should test the antigenicity at room temperature for at least six months or longer
to remove the cold chain's financial burden and expand these resources to developing areas without
this infrastructure.(Clénet, 2018; Dumpa et al., 2019)

[4. BIOMATERIAL IMMUNE ACTIVATION]
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The investigation of biomaterials to deliver vaccines against infectious diseases offers new strategies
to engineer specific immune responses. As discussed in section 3, determining the antigenicity of
proteins within a biomaterial will ensure that the immune activation will be produced for the correct
epitope. To further verify this, the biomaterials discussed above need to be studied in vivo to understand
their role for long-term immunity from single or multi shots to any associated toxicity. Since most
biomaterials investigations tend to be short-term (i.e. less than two months),(Cooper & Petrovsky, 2011;
Walke et al., 2018) experiments need to be developed to ensure long-term issues are being addressed.
The following section focuses on biomaterials studied in vivo and analyzes some examples in the
literature, which focus primarily on the production of antibodies, cytokines, immune cells, and survival
studies.(Hashem et al., 2013)

[4.1 Antibodies]

From 1995 to 2005 the main experiment conducted to determine the immune response of an antigen
combined with biomaterial was based on the production of antibodies. The main biomaterial
investigated was PLGA with a plethora of antigens, such as diptheria, tetanus toxoid, and hepatitis B,
used to determine its effectiveness in animal models.(Cleland et al., 1998; Gupta et al., 1996; O'Hagan
et al., 1995; Raghuvanshi et al., 2001) Those studies' goal was to show that a single dose of PLGA
slowly releases the antigens and produces a humoral response similar to 3 injections of the antigen
alone.(Feng et al., 2006) In 2013, the Hook Lab showed that cubosomes, a lipid based nanocarrier,
could prime T cells more efficiently because they can encapsulate a higher amount of antigen compared
to liposomes.(Rizwan et al., 2013) In this study, they use ovalbumin as their subunit antigen and toll-
like receptor-7 (TLR7) agonists imiquimod and monophosphoryl lipid A as adjuvants. As shown in
Figure 9A, the cubosome with adjuvant produced the highest amount of antibodies compared to
liposome with adjuvant and antigen and alum. More Recently in 2019, the Irvine Lab fabricated
microneedles (MN) with silk fibroin protein tips and encapsulated HIV envelope trimer as shown in
Figure 9B.(Boopathy et al., 2019) When the timer was mixed within the tips they added TLR2 agonist
pamsCSK4 and TLR3 agonist Poly I:C as adjuvants to recruit immune cells to the skin. They showed
that the mice vaccinated with MNs containing the trimer and adjuvant had the highest anti-trimer 1gG
titers compared to the mice receiving bolus injections (Figure 9C). Though the studies showed that the
biomaterial developed an immune response without the need of an adjuvant, they found the inclusion

of an adjuvant provided a higher response.
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Figure 9: A) The comparison of ovalbumin antibodies that have been encapsulated inside of a cubosome polymer with and
without adjuvant has similar production compared to alum. Reprinted from reference(Rizwan et al., 2013), with permission
from Elsevier. An image of a B) the steps to develop silk loaded microneedle tips, containing HIV trimer along with adjuvants
and when delivered into mice models, C) the microneedle containing trimer and adjuvant produced the highest amount of
antibodies. Reprinted from reference,(Boopathy et al., 2019) with permission from PNAS. D) The Xu lab shows that chitosan
nanoparticles have a higher upregulation in CD40, CD80, and CD86 in bone marrow dendritic cells compared to a bolus
shot of the hepatitis B antigen. Republished with permission from Royal Society of Chemistry for reference;(Z.-B. Wang et
al., 2016) permission conveyed through Copyright Clearance Center, Inc. The Fahmy lab compares the slow release of
PLGA, Liposome, and alum for release of ovalbumin and show that PLGA stimulates a higher population of cytotoxic T cells
producing E) IFN-y and F) activated specifically to ovalbumin. Reprinted from reference,(Demento et al., 2012) with
permission from Elsevier.

[4.2 Immune Cell Activation]

It is understandable to just look at antibody production, as the current method to determine if a vaccine
is still active is to test whether a patient is still producing antibodies. However, to better understand how
well a formulation works, it is necessary to investigate the activation of immune cells. For APCs,
researchers mainly focus on macrophage and dendritic cells, and for the activation of the adaptive
immune system, they look at T-cells and B-cells found in secondary lymphoid organs—the lymph nodes
and spleens. For example, the Xu lab investigated the mechanism of chitosan as an adjuvant, with
hepatitis B as the model antigen.(Z.-B. Wang et al., 2016) They showed that the insolubility of the
chitosan particles enabled the formation of a sustained-release depot and enhanced the uptake of
antigens by bone marrow dendritic cells. It was clear that the chitosan particles containing hepatitis B
improved dendritic cells' maturation as can be seen from the upregulation of CD40, CD80, and CD86
(Figure 9D). However, an interesting study would have been to test if the chitosan particle improved T
cell activation. More recent studies to determine if a biomaterial can activate immune system is by
directly looking at the draining lymph nodes and spleen for activation markers on dendritic cells and T-
cells.(C.-Y. Huang et al., 2018) The Fahmy lab(Demento et al., 2012) showed that liposome and PLGA

nanoparticles improve the T cell activation owing to sustained release of antigens. They mention that
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most vaccines focus on developing neutralizing antibodies, even though a defense against viruses and
intracellular bacteria would benefit more from a cellular immune response. Thus, they show that the
PLGA and liposome nanoparticle not only enhance antibodies but also enhance the cytotoxic immune
cells (CD8+) and these activated T cells (CD8+, CD44+) are specific to ovalbumin (tetramer) as seen
in (Figure 9E-F).
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Figure 10: The Cevhar lab investigates chitosan activation of the immune system when different administrations are used
and compare the cytokine production of A) IL-2, B) IL-4, C) IL-6, D) IL-10, and E) IFN-y. Reprinted from reference,(Sinani et
al., 2019) with permission from Elsevier. F) The Han Lab vaccinated mice with PLGA containing a subunit protein CAMP
found in Toxoplasma gondii, which improve the survival rate of mice compared to a bolus shot of the subunit protein alone.
Reprinted from reference,(G. Liu et al., 2017) with permission from Elsevier.

[4.3 Cytokines (Type of Response)]

Cytokines as additional experiments to test the biomaterial ability to activate the immune system in vivo
did not start to pick up until 2006. In addition to immune cell activation, the cytokines produced can
indicate whether the immune response activates CD4+ T helper 1 (Th1), T helper 2 (Th2), or both and
can distinguish how size, adjuvant, dosage, and other attributes can affect this response.(Jia et al.,

2017) Th1 is an intracellular or cell-mediated response combined with an antibody response, and Th2
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tends to focus on extracellular pathogens and is a predominantly humoral response.(Rosenthal &
Zimmerman, 2006; Spellberg & Edwards, 2001) In 2016 the Ainslie lab chemically modified a naturally
occurring polysaccharide to have acid-cleavable acetal and silyl groups.(Gallovic et al., 2016) They
showed that extending the alkyl chain or mixing the inulin and dextran polysaccharides at different ratios
could shorten or extend antigens' release from within. They mention an ongoing challenge with subunit
vaccines is incorporating adjuvants that safely stimulate and activate both a Th1 and Th2 immune
response. They used a solvent evaporation technique to encapsulate ovalbumin within dextran
microparticles to show that their particle could more efficiently target APCs and obtain a more balanced
cellular and humoral response. They vaccinated mice subcutaneously with 50 g of ovalbumin and
showed that their biomaterial produced antibodies like ova+alum. Additionally, they looked at the
amount of TNF-a produced by macrophages in vitro and the IFN-y produced by splenocytes
restimulated with SIINFEKL—a peptide sequence of ovalbumin. In 2019 the Cevhar lab did a thorough
investigation(Sinani et al., 2019) to show that their chitosan particles could activate a balanced Th1/Th2
immune response. They found that their aminated chitosan and aminated/thiolated chitosan provides a
balanced Th1/Th2 response when delivered intranasally and compared this to mice vaccinated
subcutaneously (Figure 10A). The results obtained from spleens harvested at day 253 show that
intranasal injections of 20 yg of BSA encapsulated within the chitosan formulations have a similar Th2
response compared to mice vaccinated subcutaneously based on the IL-6, IL-4, and IL-10 cytokine
productions (Figure 10B-D). The cell-mediated response for mice vaccinated with chitosan was higher
than subcutaneous injections and controls using CpG as an adjuvant based on the IFN-y and IgG2a
antibodies (Figure 10E). This is a great study that compared injection routes and compared their
chitosan formulation to current adjuvants used in vaccinations. To truly understand the type of immune
response, intracellular staining of CD4+ T cells for different cytokines, such as IL-4 and IFN-y, would
clarify the activation these biomaterials produce. This staining method along with an antigen-specific
marker for the T-cell receptor would without a doubt determine how balanced of an immune response

these biomaterials are creating.

[4.4 Survival Studies]

Survival studies for biomaterials with an encapsulated antigen against infectious disease are
uncommon, though it has been used in cancer vaccines studies routinely starting around
2004.(Standley et al., 2004) Most survival studies with biomaterials tend to focus on how long their
biomaterial can keep mice alive after inoculation with tumor cells.(Foster, Duvall, Crownover, Hoffman,
& Stayton, 2010; X. He et al., 2005; A. L. Z. Lee et al., 2019; Lv et al., 2017) One of the earliest
experiments that look at survival against infectious diseases using a sustained-release polymer was
conducted by the Zhu lab in 2016 using PLGA as the biomaterial.(N.-Z. Zhang et al., 2016) They
encapsulated subunit proteins, rROP18 and rCDPK6 from an intracellular parasite called Toxoplasma
gondii (T. gondii) within PLGA microparticles to generate a long-lasting immune response. The mice

were vaccinated subcutaneously, and immune response was measured by lymphocyte proliferation,
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cytokine expression, and antibody production. In addition, they challenged the vaccinated mice six
weeks after the last injection with live T. gondii and their survival was recorded daily until all mice were
dead. The mice vaccinated with PLGA and rROP18 subunit protein survived the longest.

Similarly, the Han lab entrapped(G. Liu et al., 2017) a subunit protein, CAMP factor, from streptococcus
agalactiae within PLGA to develop single-dose vaccines to protect against diseases. Mice were
vaccinated by intraperitoneal injection and six weeks later were challenged with a lethal dose of S.
agalactiae (LDsp = 2x108 CFU). Mice were monitored for 10 days for mortality and the CAMP-PLGA
vaccinated group had the highest chance of survival as shown in Figure 10F. As researchers continue
to investigate biomaterials for vaccination, survival experiments provide an important tool to directly

demonstrate efficacy.

Conclusion and Perspective

This overview summarizes how far we have come in understanding the use of sustained-release
biomaterials as a tool to improve thermal stability and vaccine performance; however, there are still
questions that need to be addressed. Many reports do not discuss protein loss during integration with
these polymer systems, along with the performance of their antigen-biomaterial composite in the
absence of adjuvant. The binding affinity between the polymer system and antigen needs to be
investigated to understand the antibody production in vivo. Further, antibody-antigen affinity should be
assessed as some studies have shown that the continuous release of antigens can reduce the binding
affinity of the antibodies produced against it and induce immune exhaustion.(Han et al., 2010; Mueller
& Ahmed, 2009; S. Wang et al., 2015) Additionally, by looking at T-cell and B-cell receptors that are
antigen-specific and determining the population of effector cells and memory cells, we can better
understand how biomaterials promote an antigen-specific immune response. Correlating all this with
survival studies, whenever possible, can give us a more quantitative answer on the level and type of
response from the immune system needed to protect against infectious diseases. Finally, protein-based
delivery strategies, as discussed here, are emerging as well-tread ground even if some details still need
to be filled in. On the horizon, however, are biomaterial-based methods to control the delivery and
thermally protect next-generation vaccines based on lipid nanoparticles, RNA, and DNA—an area still
in its infancy given that lipid nanosystems tend to be even more unstable than proteins.(Lu et al., 2020)
The application of sustained-release biomaterials to infectious diseases will require strong collaborative
efforts between researchers in diverse fields. The research conducted so far has shown—with relative
consistency —that biomaterials that span the size regimes from nano- to micron-sized can generate an
immune response after a single injection that is on par with current parental routes that require three
injections. As this field progresses forward, priority should be given to materials that induce long-lasting
immunity, instigate the production of memory cells, and can provide protection against infectious

diseases without requiring expensive cold-chain infrastructure.
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