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Currently, vaccination is themost efficient and cost-effectivemedical treatment for infectious diseases; however,
each year 10million infants remain underimmunized due to current vaccination schedules that require multiple
doses to be administered across months or years. These dosing regimens are especially challenging in the
developing world where limited healthcare access poses a major logistical barrier to immunization. Over the
past four decades, researchers have attempted to overcome this issue by developing single-administration
vaccines based on controlled-release antigen delivery systems. These systems can be administered once, but
release antigenover an extendedperiod of time to elicit both primary and secondary immune responses resulting
in antigen-specific immunological memory. Unfortunately, unlike controlled release systems for drugs, single-
administration vaccines have yet to be commercialized due to poor antigen stability and difficulty in obtaining
unconventional release kinetics. This review discusses the current state of single-administration vaccination,
challenges delaying the development of these vaccines, and potential strategies for overcoming these challenges.

© 2015 Elsevier B.V. All rights reserved.
1. Background

1.1. Vaccine coverage

Vaccines save an estimated 8 million lives annually and are widely
recognized to be the most effective medical treatment for preventing
infectious disease [1–3]. While the World Health Organization's
(WHO) Expanded Programme on Immunization (EPI) has been enor-
mously successful in raising worldwide vaccination rates from just 5%
in 1974 to 84% today, one in six infants remain underimmunized each
year resulting in 1.5 million deaths [4,5]. Infectious disease is among
the top killers of young people worldwide and is responsible for nearly
one-third of all deaths in children between one month and five years of
age [4,5]. Current vaccination schedules,which requiremultiple visits to
a healthcare provider within an infant's first year of life, represent a sig-
nificant logistical barrier to immunization — especially in the develop-
ing world [6]. Nearly half of underimmunized infants have received at
least one dose of vaccine against diphtheria, tetanus, and pertussis (a
benchmark for overall infant vaccination rates) but continue to be at
risk of contracting these, and potentially other diseases because they
did not complete the full three-dose series [4]. Consequently, there are
10 million infants that have some, albeit limited, access to healthcare
yet remain underprotected. If a one-step immunization method were
established for currently available vaccines with no other changes to
patient access or infrastructure, it could save hundreds of thousands of
76-661, Cambridge, MA 02139,
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lives annually. Unfortunately despite considerable work towards de-
veloping single-administration vaccines, this approach has yet to be
successfully commercialized and deployed in the clinic. To date, most
research in this field has focused on developing injectable devices that
release antigen over the course of months to recapitulate the timescale,
if not kinetics, of multiple-injection vaccination regimens with just one
administration. This review presents the challenges associated with
developing controlled antigen release devices as well as potential op-
portunities for overcoming these issues.

1.2. Immune memory & vaccine immunology

When the body encounters a foreign antigen it generates a B and T
cell-mediated immune response that serves to neutralize the antigen
while also preparing for potential future encounters through the forma-
tion of immunological memory [7]. In oversimplified form, naive B cells
residing in the spleen or lymphatic system bind to the antigen via a B
cell receptor, proliferate in germinal centers, and undergo somatic
hypermutation which allows them to become specific to a particular
epitope on the antigen. These B cells may then become either plasma
B cells, which begin producing antibodies specific for the antigen, or
memory B cells which can lay dormant until the antigen is presented
again. Over time, the number of short-lived plasma cells drops, as do
the corresponding circulating antibody titers [8].

When the antigen is presented a second time, antigen-specificmem-
ory B cells quickly proliferate, then differentiate into plasma cells which
produce antibodies to prevent full-blown viral or bacterial infection.
During this process some B cells retain their memory status and contin-
ue to improve their binding affinity for the specific antigen allowing for
gress, challenges, and opportunities, J. Control. Release (2015), http://
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evenmore effective responses in subsequent encounters [9]. B cell prog-
eny that differentiated into plasma cells either die shortly after the path-
ogen has been eliminated or settle in the bone marrow and become
long-lived cells that continually produce antigen-specific antibodies to
maintain high circulating antibody titers for years. While the primary
antigen response takes 10–28 days to peak, the secondary response
peaks in just 2–7 days and is therefore more effective at preventing in-
fection prior to exponential pathogen growth [8,10].

Vaccines leverage the adaptive immune system's immunological
memory to provide protection against future encounters with a partic-
ular pathogen. Current injectable vaccines come in several forms in-
cluding live viruses (measles, mumps, rubella), inactivated viruses
(influenza, cholera, bubonic plague, polio, hepatitis A, rabies), toxoids
(tetanus, diphtheria), protein subunits (hepatitis B, humanpapillomavi-
rus), and conjugates (meningitis, bacterial influenza, bacterial pneumo-
nia). These antigens are developed to be analogous in terms of epitope
structure and immune response, but otherwise innocuouswhen admin-
istered to a healthy individual. This allows vaccines to be administered
in a safemannerwhile still generating immunememory that is effective
against harmful environmental pathogens. However, any significant dif-
ference in the antigen's structure due to mechanisms including protein
cleavage, re-folding, and aggregation may negate the benefit of the
vaccine, as the immunological memory developed may not cross-react
with (i.e. recognize) the native pathogen [11].

Although the efficacy of a single bolus vaccine dose can lead to
seroprotection rates on the order of 75–90% [12,13], multiple doses
are scheduled to bring immunity levels up near 100% [12,14]. Further,
ambitious goals like the WHO's worldwide polio eradication campaign
will likely require multiple doses to ensure complete seroprotection
across the entire population. Subsequent dosing, the so-called “boost”
doses, are required to rechallenge the immune system and form stron-
ger immunological memory against the same antigen. These doses are
most effective when administered after circulating antibody titers
have decreased to minimize binding competition between B cells and
antibodies that would hinder the formation of immune memory [8].
This is especially true for live vaccines, which are administered in
small doses and rely on in vivo expansion to induce an immune re-
sponse [15]. As a result,most vaccines are administered as a series of bo-
luses spaced months apart in a prime–boost–boost dosing schedule.
1.3. Benefits of single-administration vaccination

The concept of single-administration vaccines dates back nearly
40 years to an epoch when controlled release devices were still in
their infancy [16,17]. Nevertheless, this approach has drawn major in-
terest at the crossroads of immunology and drug delivery due to its po-
tentially transformative effect on the field of infectious disease [3].
Single-administration vaccines present amajor opportunity for improv-
ing healthcare while simultaneously reducing cost. Although traditional
vaccines are on the whole incredibly effective when administered on
specific schedules, these multi-bolus regimens are impractical for
many in the developing world with limited healthcare access. As a re-
sult, the health benefits of single-administration vaccines would have
the greatest impact on the developing world where full immunization
regimens could be completed despite scarce healthcare infrastructure.
This approach is especially exciting because it reduces the number one
risk factor in infectious disease— failure to vaccinate. All other risks as-
sociated with vaccines such as allergic reactions are minimal with re-
spect to the enormous benefits derived from immunization. In fact the
main (albeit very minor) risk associated with vaccines today is related
to improper use rather than poor quality control in manufacturing. For
example, syringe re-use can lead to the transmission of bloodborne
pathogens such as HIV, Hepatitis B, and Hepatitis C [18]. While the ad-
vent of specialized single-use syringes has lowered the occurrence of
this unsafe practice, single-injection vaccines could further reduce
Please cite this article as: K.J. McHugh, et al., Single-injection vaccines: Pro
dx.doi.org/10.1016/j.jconrel.2015.07.029
transmission byminimizing the number of both injections and syringes
required.

Although the advent of single-administration vaccines would cer-
tainly have a greater impact on the developing world, this approach
would also benefit the developed world. From a patient's perspective,
single-injection vaccines would help reduce pain and improve conve-
nience as fewer injections and healthcare visits are needed to provide
immunity [3]. This is also advantageous from a reimbursement perspec-
tive as healthcare payers (e.g. insurance, government) would need to
pay for fewer vaccine-related visits to the doctor [15]. Since the cost of
vaccines is typically far lower than the cost to administer them, even a
significant increase in the cost of a single-administration vaccine
would likely be outweighed by the cost savings from fewer healthcare
visits. This would also be true in the developing world where the vac-
cines themselves constitute a minority of the cost associated with na-
tional immunization programs whereas the majority is used for
personnel and management [19,20]. While improving worldwide im-
munization rates is the main goal of single-administration vaccines,
cost savings will provide additional impetus for the adoption of this
technology since the inclusion of vaccines in national immunization
programs is almost entirely based on cost effectiveness [21,22].

1.4. Single-administration vaccines

Avastmajority ofwork towards single-administration vaccines have
focused on monolithic systems in which antigen is dispersed through-
out a polymer matrix and then released upon polymer biodegradation
[23]. This approach allows a proportion of the antigen to be sequestered
from the immune system until sufficient degradation has occurred, at
which point the antigen is released long after the initial administration
(Fig. 1). Although monolithic devices have demonstrated clinical utility
for drug and hormone release with products like Gliadel® wafers [24]
and the Lupron Depot® [25], there has yet to be a commercialized con-
trolled release device for vaccines. The delay in single-administration
vaccines can likely be attributed to the poor stability of vaccine antigens
compared to small molecules and hormones as well as the potential
need for non-traditional release kinetics. Unlike small molecules and
polypeptides that have limited, if any higher-order structure, vaccines
typically involve proteins or multi-protein assemblies for which struc-
ture is critical for function [11]. Further, while most drug-releasing
devices target near zero-order release in order to stay within the thera-
peutic window, controlled vaccine delivery devices might be more ef-
fective if they release antigen as discrete pulses [8,23,26].

The most common methods for fabricating these devices are single-
and double-emulsion techniques which are attractive due to their sim-
plicity, ability to producemicrospheres small enough to be injectedwith
a traditional syringe, and potential scalability [27,28]. These particles
can be injected intramuscularly or subcutaneously at one time point,
but deliver their contents with a variety of release profiles over days,
weeks, months, or even years depending on formulation and material
properties [26,29–34]. While an oral formulation would be ideal for
ease of administration [35], vaccines administered via this method
may only provide mucosal immunity (rather than systemic) and can
be more difficult to reliably administer to infants [36]. Therefore a
single-administration injectable vaccine that provides systemic immu-
nity and fits into current vaccine program infrastructure is likely a
more realizable goal despite the need for trained healthcare workers.
In order to minimize the number of injections needed to receive a full
complement of vaccines, one group has begun co-encapsulating multi-
ple antigens in the same particles. While this group has shown the ben-
efit of this approach for antigen loading, potential immunological
interference must be considered prior to implementation [37].

Other fabrication methods have also been employed to create parti-
cles for single-administration vaccines with some success, but similarly
remain at the pre-clinical stage [28]. Non-monolithic strategies to ob-
tain the desired antigen release kinetics such as osmotic pumping
gress, challenges, and opportunities, J. Control. Release (2015), http://
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Fig. 1. Antigen release kinetics. Traditional multi-bolus injections are delivered as three injections at 0, 4, and 8 weeks and produce antigen in sharp bursts. Microparticles formulated to
deliver antigen continuously demonstrate an initial burst and then slow release thereafter. Microparticles can also be formulated to exhibit pulsatile release with bursts that are broader
than traditional bolus injections.
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have also been explored [38], but are likely too expensive for global use
given the low cost of current vaccines [3]. Therefore, unless otherwise
noted, this review will focus on monolithic biodegradable microparti-
cles since these systems have the greatest potential for widespread
adoption as single-administration vaccines in the immediate future.
The goals of this manuscript are to review the current progress in the
field, identify existing challenges, and present potential solutions that
may allow these challenges to be overcome.

2. Controlled vaccine release device composition

2.1. Poly(lactic-co-glycolic acid) (PLGA) microspheres

Emulsion-based poly(lactic-co-glycolic acid) (PLGA) microspheres
have been the singlemost-studieddevices for both drug and vaccinede-
livery due to their biocompatibility, extensive history of use, and easily
controlled degradation/release kinetics [28,39,40]. PLGA is widely con-
sidered “generally biocompatible” and is well-tolerated in both the in-
tramuscular and subcutaneous spaces, which are the preferred
injection sites for vaccination [41,42]. PLGA degradation occurs in vivo
mainly by the hydrolysis of ester linkages in the polymer backbone
resulting in a loss of molecular weight and eventual decomposition
into lactic and glycolic acid [43,44]. When polymer chains are cleaved
down to a critical size (approximately 15 monomer units in length),
Please cite this article as: K.J. McHugh, et al., Single-injection vaccines: Pro
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they become soluble and can diffuse out of the bulk material resulting
in the release of encapsulated macromolecules and loss of structural in-
tegrity [45]. Because PLGA is a synthetic polymer, small variations in
polymer processing can be used to achieve the desired release rate.
Three of the most common ways to tune release the release kinetics
fromPLGA are to change themolecularweight, alter the relative compo-
sition of lactic versus glycolic acid, and add an end cap [43,46,47].Micro-
spheres fabricated using PLGA with 50:50 lactic-to-glycolic acid ratio
degraded more quickly in vitro than 75:25 PLGA at a similar molecular
weight [48]. In our experience, the copolymer ratio of lactic-to-glycolic
acid was observed to have a greater relative effect on degradation and
release kinetics than polymer molecular weight [48,49]. The addition
of a carboxylic acid end group also increases PLGA degradation rate by
autocatalyzing polymer degradation [50]. Antigen release from PLGA
microspheres may also be further modulated by copolymerizing PLGA
with an additional polymer such as polyethylene glycol (PEG) to tune
degradation properties [51]. Numerous studies using PLGA as well as
the homopolymer poly(lactic acid) (PLA) are discussed in the antigen
sections below.

2.2. Natural materials

Naturally-derived materials have also been evaluated as potential
controlled release devices, but not to the extent that synthetic polymers
gress, challenges, and opportunities, J. Control. Release (2015), http://
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have. As with all natural products, there is inherent batch-to-batch var-
iability and fewer ways to tune material characteristics in order to
achieve the desired release kinetics [52]. However, these materials,
which can be extracted rather than synthesized, may be far less expen-
sive than synthetic materials like PLGA and still demonstrate the bene-
ficial effects on immune response due to extended antigen release. As a
result, several groups have proposed the use of chitosan, alginate, and
collagen as potential replacements for PLGA in microsphere-based vac-
cine delivery systems. Chitosan is a particularly attractive material due
to its biocompatibility, biodegradation, and potential adjuvancy proper-
ties [53]. Jaganathan and colleagues encapsulated tetanus toxoid (TT) in
either chitosan or PLGA microspheres and found that both were able to
achieve non-inferior immune responses compared to conventional
alum-adsorbed TT bolus injections administered at 0 and 4 weeks
[31]. Other groups have reported a similar improvement in immune
response using chitosan nanoparticles containing hepatitis B surface an-
tigen (HBsAg) or TT that were administered subcutaneously or intrana-
sally [54,55]. Chitosan has also been complexed with PLGA, or other
naturalmaterials such as alginate, to form delivery systems such as algi-
nate–chitosan–PLGA microspheres that deliver HBsAg and produce
comparable immune responses to a two-injection alum-adsorbed
HBsAg schedule [56].

Alginate-only particles have been studied for subcutaneous or oral
administration. [57–59]. Sarei and colleagues showed that alginate
nanoparticles could release diphtheria toxoid (DT) in vitro over the
course of 15 days without substantial antigen degradation. They then
proceeded to demonstrate that subcutaneous injection of these particles
at 0 and 4 weeks results in a 10-fold improvement in immune response
in guinea pigs at 8 weeks compared to alum-adsorbed DT administered
at those same time points [59]. While this study does not directly study
a prototypical single-injection vaccine, it still serves to show that
alginate may be well-suited for controlled antigen release. Unlike solid
polymeric antigen release devices, antigen release from these hydrated
particles may be diffusion-dependent rather than degradation-
dependent. Several groups have also explored collagen for controlled
vaccine release. These groups have demonstrated that TT or DT encap-
sulated in that 1 mm × 10 mm collagen minipellets evoke a non-
inferior or even superior immune response compared to one or two
bolus injections of alum-adsorbed antigen due to prolonged antigen
Fig. 2. Mouse antibody titers in response to tetanus toxoid administered as a single-
injection collagen minipellet (empty circles), a single bolus injection of alum-adsorbed
antigen (empty squares), and two boluses of alum-adsorbed antigen at 0 and 2 weeks
(filled squares). Values reported as themean of 7 replicates per group. *p b 0.05 compared
to a single bolus, †no significant difference compared to a double bolus (p N 0.05).
Reprinted from Vaccine, vol 19, Higaki M, Azechi Y, Takase T, Igarashi R, Nagahara S, Sano
A, Fujioka K, Nakagawa N, Aizawa C, Mizushima Y, Collagen minipellet as a controlled re-
lease delivery system for tetanus and diphtheria toxoid, pg. 3091–6, Copyright 2001 with
permission from Elsevier.
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delivery (Fig. 2). However, this particular approach has not yet been
able to attain antibody titers on par with three bolus injections [60,61].

2.3. Other biodegradable materials

Any material that degrades or disassembles in the in vivo environ-
ment has the potential to be used as a controlled delivery device.
Cleland has identified a list of the top materials are well-suited for
single-injection vaccine delivery systems including poly(caprolactone),
polyanhydrides, and poly(ortho esters) [23]. Poly(caprolactone), like
PLGA, degrades via hydrolytic ester bond cleavage [62] and is relatively
biocompatible. PCL is less expensive, degrades more slowly than most
PLGA formulations, and produces degradation products that are com-
paratively less acidic than PLGA [63]. Although PCL has not been as
widely studied for vaccine delivery as other materials described above,
studies conducted using BSA as a model antigen have shown extended
release over several months in vitro [64].

Tabata and colleagues reported a method for preparing surface-
eroding polyanhydride microspheres that achieve near-zero-order re-
lease kinetics of ovalbumin (OVA), BSA, lysozyme, heparinase, trypsin,
and immunoglobulin [65,66]. However, due to the rapid polymer degra-
dation rate, these delivery systems release their payload of antigen over
a period of a few weeks, which may be too fast to elicit a high quality
secondary immune response. Determan and coworkers observed simi-
lar antigen release kinetics, but also noted that these microspheres can
help to preserve the structural integrity, and thus antigenicity, of encap-
sulated proteins that are susceptible to moisture-induced aggregation
(such as TT), likely due to their hydrophobicity [67–69]. Another
group used amphiphilic polyanhydride nanoparticles to deliver Bacillus
anthracis, an anthrax antigen, both in vitro and in vivo and found that
these delivery systems elicited a substantial, potentially protective im-
mune response [70]. Poly(ortho esters) represent another class of
surface-degrading polymers that may be suitable alternatives to PLGA.
Depending on formulation and chemical composition, these materials
can be tuned to achieve continuous or delayed/pulsatile release kinetics
[71,72]. However, to date thesematerials have only been studied for re-
leasing model proteins or DNA, and not for clinically available vaccine
antigens [72–74].

3. Single-administration antigens

3.1. Tetanus toxoid (TT)

TT and other toxoids are among the most thermostable biomole-
cules used in vaccines today and therefore may not present as difficult
of a challenge for single-administration vaccination [75]. As a result, it
is not surprising that TT has become one of, if not the most studied
antigen for controlled release vaccine delivery systems [76,77]. The cur-
rent immunization regimen for tetanus beginswith children receiving 5
full-strength doses of tetanus toxoid, typically as part of a 5-injection
multivalent DTaP vaccine that is administered at the ages of 2, 4, 6,
and 15–18 months, and 4–6 years [15].

In a series of papers, Alonso and colleagues studied the in vitro re-
lease kinetics and in vivo immune response to TT encapsulated in PLA
or PLGAmicrospheres, with the goal of replacing the initial 2 or 3 injec-
tions currently used in the current tetanus immunization regimen with
one injection of controlled release devices [78,79]. These particles dem-
onstrated pulsatile release of TT over the course of one month in vitro
and evoked neutralizing antibody titers that were comparable to a sin-
gle injection of alum-adsorbed TT at an equivalent dose 6 months
after in vivo administration. These results are particularly exciting be-
cause only 0.5–1.0% and 2.5–20% of TT remained antigenically active fol-
lowing encapsulation in PLA and PLGA respectively, suggesting that
extended release and microsphere-related adjuvant effects were able
to offset a substantial loss of active dose during formulation and the
lack of a traditional adjuvant (alum) [79]. In a subsequent paper, this
gress, challenges, and opportunities, J. Control. Release (2015), http://
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group showed that TT encapsulated in PLGA microparticles evoked a
comparable long-term immune response to both one bolus injection
of alum-adsorbed TT or two bolus injections delivered at 0 and
4 weeks [80]. Despite its good stability relative to other antigens, these
studies by Alonso and Gupta emphasize the need for long-term TT sta-
bilization in order to retain antigenicity for the duration of the release
profile.

More recently papers by Jaganathan, Chang, Tobio, and Schwendeman
have reported work towards “second-generation” microsphere formu-
lations containing stabilizing excipients to preserve a higher proportion
of TT in its proper antigenic state during both the early burst release
phase and the subsequent continuous-release phase [81–83]. In a
paper by Jaganathan, a single injection of either PLGA or chitosanmicro-
spheres containing TT-stabilizing excipients elicited TT-specific anti-
body titers in guinea pigs that were comparable or better than those
elicited by two bolus injections of alum-adsorbed TT administered at 0
and 4weeks [31]. These results help to demonstrate the enhanced bene-
fit of controlled release when antigen stability issues are minimized.

3.2. Hepatitis B surface antigen (HBsAg)

The hepatitis B vaccine is a subunit vaccine that uses the HBsAg to
stimulate the formation of immunememory. The recommended sched-
ule for hepatitis B vaccination of children involves a primary immuniza-
tion, a second dose one month later, and a third dose six months later
[15]. Similarly to TT, controlled-release formulations for HBsAg have
been extensively studied both in vitro and in vivo in an effort to elimi-
nate the need for repeated vaccine administration. HBsAg is an interest-
ing antigen for encapsulation because it is more stable at slightly acidic
pH (5–6), which may help it remain stable as the delivery device de-
grades and generates acidic degradation products [84]. Singh and col-
leagues encapsulated HBsAg in PLGA or PLA microspheres and studied
antibody responses to these formulations in mice. By combining multi-
ple microsphere populations with different release kinetics, they were
able to use a single injection of particles to induce non-inferior HBsAg-
specific antibody titers after one year compared to an equivalent cumu-
lative dose of alum-adsorbed HBsAg administered in a three-injection
sequence at 0, 1, and 6months [85]. Feng and colleagues also investigat-
ed a single injection of HBsAg encapsulated in PLGA microspheres and
demonstrated that one injection of these particles was able to elicit an-
tibody titers at the end of the 4-month experiment that were on par
with those induced by three injections of alum-adsorbed HBsAg admin-
istered at 0, 1, and 2 months [30].

3.3. Diphtheria toxin (DT)

The current immunization regimen for diphtheria is identical to
that of TT as both are components of the multivalent DTaP vaccine.
However, DT encapsulation and controlled release has not been as ex-
tensively studied. Singh and colleagues were the first group to report
a controlled-release system for DT in 1991 when they demonstrated
continuous release of DT from PLA microspheres over a period of
60 days in vitro. They then assessed the immune response to this formu-
lation and found that it elicited an immune response inmice through 75
days that was comparable to the response evoked by three bolus injec-
tions of DT with calcium phosphate administered at 0, 1, and 2 months
[86]. In a follow-up study, the same group then compared the immune
response to DT encapsulated in PLA microspheres to three bolus injec-
tions at 0, 1, and 2 months, but this time the antigen was absorbed to
the surface of an alum-based adjuvant. Despite this potentially im-
proved control group, the authors observed that the microparticle
group exhibited comparable or even superior DT-specific antibody titers
during the 8-month study [87]. In a more recent study, this same group
then explored the immune response to DT-containing single injection
vaccines that used a combination of polymer properties and formula-
tions in an attempt to recapitulate traditional discrete antigen dosing
Please cite this article as: K.J. McHugh, et al., Single-injection vaccines: Pro
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kinetics. In the end, rats receiving one injection of a formulation con-
taining alum-adsorbed DT and DT encapsulated in microspheres
displayed the greatest immune responsewhichwas consistently similar
or superior to 3 boluses of alum-adsorbed DT at 0, 1, and 2months over
the duration of the 60-week study [32]. This formulation likely benefit-
ed from the alum-enhanced primary immune response as well as ex-
tended release and particle-related adjuvant effects for an improved
secondary response.

3.4. Other antigens

Controlled release devices have been used to encapsulate a large
number of antigens against diseases as diverse as the plague [88,89],
bacterial pneumonia [90], meningitis [91], tuberculosis [92], brucellosis
[93], and anthrax [70]. On the whole, these studies demonstrate a sim-
ilar adjuvant effect of controlled release devices that results in a stron-
ger immune response, but with additional stability issues. Whereas DT
and TT are stable at 37 °C for months and the current hepatitis B vaccine
at 37 °C for weeks, other antigens are less stable for as little as two days
at elevated temperature [94]. Therefore, themajor challenge of develop-
ing these vaccines into a single-administration format is the ability to
keep them stable for months under physiological conditions. This has
been a long-standing goal for conventional vaccines as part of the effort
to reduce reliance on the cold chain, but will be even more critical for
single-injection vaccines. However, because improving vaccine thermo-
stability has proven exceptionally difficult, the first generation of com-
mercialized single-injection vaccines will likely be limited to antigens
that are already moderately stable.

4. Challenges

4.1. Summary

Despite the promising results from a number of pre-clinical studies
(Table 1), there are still a number of substantial challenges in the devel-
opment and commercialization of single-administration vaccines. Some
of these challenges relate to the logistical feasibility (e.g. cost of imple-
mentation, clinical trials, and adoption rate) while others are associated
with the technical challenges of this approach. Broadly, these technical
challenges fall into four categories: (1) safety, (2) efficacy, (3) antigen
stability, and (4) release kinetics. As with any medical treatment,
single-injection vaccination must be both safe and efficacious. While
these issues are inherently linked for vaccines (i.e. an ineffective vaccine
fails to prevent disease), there are also additional considerations that
must also be addressed when used in combination with controlled re-
lease systems. Antigen stability is already an issue for current vaccines,
but will be even more challenging for single-injection vaccines, which
require that antigens retain their native conformation during formula-
tion, storage, and for months in a warm, aqueous environment. Achiev-
ing optimal release kinetics may also prove difficult because a vast
majority of vaccine efficacy data is based on short, bursts of high con-
centration antigen which may be far from ideal. The following section
discusses each of these challenges in detail and,whenpossible, potential
approaches to ameliorate or mitigate specific issues.

4.2. Safety

As with any potential replacement therapy, single-administration
vaccines must be at least as safe as the existing alternative in terms of
the frequency and severity of adverse reactions. Because vaccine anti-
gens have already been extensively tested for safety in bolus formula-
tions, the major safety issues surrounding single-injection vaccines
will likely relate to themicroparticles themselves aswell as any stabiliz-
ing excipients that have been added to improve antigen survival for
months in the body. At the most basic level, single-injection vaccines
must be prepared under sterile conditions to prevent contamination
gress, challenges, and opportunities, J. Control. Release (2015), http://
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Table 1
In vivo studies of clinically used vaccine antigens in single-injection vaccines.

Release device Excipients Release kinetics Immune response to best formulation Animal
model

Reference

Tetanus toxoid (TT)
PLA & PLGA microspheres – Initial burst, then continuous release for 30

days
Superior to one bolus delivered without an
adjuvant

Mouse [78]

PLGA microspheres – Small initial burst, slow continuous release
through 10 days, then faster continuous
release through 30 days

PLA microspheres generally inferior to one
alum-adsorbed antigen bolus, PLGA microspheres
were non-inferior throughout the 26-week
experiment

Mouse [79]

PLA & PLGA microspheres – Initial burst, then continuous
release for 30 days

Inferior to two alum-adsorbed antigen boluses
delivered at 0 & 4 weeks at early time points,
non-inferior at 52 weeks and after a subsequent
challenge

Guinea pig [80]

PLA & PLGA microspheres – Initial burst, then continuous
release for 30 days

Inferior or statistically similar to two
alum-adsorbed antigen boluses delivered at 0 & 4
weeks at early time points, then superior after
being challenged at 54 weeks

Mouse [80]

PLGA microspheres with
gelatin/poloxamer core

– Burst lasting up to 48 h Inferior to one alum-adsorbed antigen bolus when
delivered alone, but superior when microspheres
were co-delivered with a small portion of the dose
as alum-adsorbed antigen

Mouse [82]

Collagen minipellet – Initial burst, then continuous release
for 14 days

Superior to two alum-adsorbed antigen boluses
administered at 0 & 2 weeks containing twice the
cumulative dose

Mouse [60]

Chitosan microspheres Trehalose Continuous release for 35 days Superior to two alum-adsorbed antigen boluses
administered at 0 & 4 weeks containing twice the
cumulative dose

Guinea pig [31]

PLGA microspheres Trehalose,
Mg(OH)2

Continuous release for 35 days Superior to two alum-adsorbed antigen boluses
administered at 0 & 4 weeks containing twice the
cumulative dose

Guinea pig [31]

PLA microspheres Albumin,
sucrose,
NaHCO3

Initial burst, then continuous release
for 120 days

N/A (not compared to a bolus control) Rat [199]

Hepatitis B surface antigen (HBsAg)
PLA & PLGA microspheres – Release over several months (results not

shown)
Non-inferior to three alum-adsorbed antigen
boluses administered at 0, 1, & 6 months
containing an equivalent cumulative dose

Mouse [85]

PLGA microspheres Sucrose Formulation-dependent: (1) initial burst
followed by little release through day 30, then
fast continuous release for 100 days or (2) a
large initial burst, then continuous
release for 20 days

Inferior to two alum-adsorbed antigen boluses
when delivered alone, but non-inferior when
microspheres were co-delivered with a 25% of the
dose as alum-adsorbed antigen

Mouse [84]

PLGA microspheres Trehalose,
Mg(OH)2

Continuous release for 42 days Superior to one alum-adsorbed antigen bolus
through 150 days

Guinea pig [176]

PLGA microspheres Trehalose,
Mg(OH)2

Continuous release for 42 days Non-inferior to two doses of alum-adsorbed
antigen boluses administered at 0 & 4 weeks
containing an equivalent cumulative dose

Guinea pig [31]

PLGA microspheres – Small initial burst, then continuous
release for 60 days

Non-inferior to three alum-adsorbed antigen
boluses administered at 0, 4, & 8 weeks containing
an equivalent cumulative dose

Mouse [30]

Alginate-chitosan-PLGA
microspheres

– Initial burst, then continuous release
through 91 days

Non-inferior to two alum-adsorbed antigen
boluses delivered at 0 & 4 weeks containing an
equivalent cumulative dose

Mouse [56]

Diphtheria toxoid (DT)
PLA microspheres Gelatin Continuous release for 60 days Non-inferior to three calcium phosphate-adsorbed

antigen boluses administered at 0, 1, & 2 months
containing an equivalent cumulative dose

Mouse [86]

PLA microspheres Gelatin Initial burst, then continuous release Non-inferior to three alum-adsorbed antigen
boluses administered at 0, 1 & 2 months
containing an equivalent cumulative dose

Mouse [87]

PLGA microspheres – Results not reported Non-inferior to three alum-adsorbed antigen
boluses administered at 0, 1, & 2 months
containing an equivalent cumulative dose, or
superior when microspheres were co-delivered
with a portion of the dose as alum-adsorbed
antigen

Rat [32]

PLGA microspheres Albumin Formulation dependent: (1) 50% of antigen
released in 2 days or (2) 2% released in 2 days

Non-inferior to one alum-adsorbed antigen bolus Guinea pig [200]

Collagen minipellet – Initial burst, then continuous release for 14
days

Inferior to three alum-adsorbed antigen boluses
administered at 0, 2, & 4 weeks containing three
times the equivalent cumulative dose

Mouse [60]
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while maintaining antigenicity. In addition, most microparticle fabrica-
tion techniques use organic solvents to encapsulate antigen in a poly-
mer. Although solvents are subsequently evaporated off, there may be
residual amounts of solvent remaining within the particle that could
be toxic to the host as well as damaging for the antigen. One group per-
formed a residual solvent analysis on their microspheres and found that
they contained 37.8 ppm by mass of dichloromethane (100 ppm is the
limit established by the United States Pharmacopeia), which stresses
the importance of a thorough drying step [56,95]. A related, and poten-
tially more serious, concern is that the solvents have already had an ir-
reversible, negative effect on the antigen, which will be discussed in
greater detail in a subsequent section.

Microparticles, like any implanted material, will be subject to the
foreign body reaction [9]. Upon injection, particles trigger a cascade of
cellular events that recruit immune cells to the injection site that at-
tempt to degrade the particles. The severity of the foreign body reaction
is highly dependent on the material used for encapsulation, anatomical
location of the implant, and the size of the release device [96]. If inflam-
mation is severe, the patient can experience redness, pain, swelling, and
ultimately loss of function near the injection site [97], though this reac-
tion is also a potential side effect of existing vaccines as well [98]. Sur-
face modifications may be used to minimize inflammation, but their
effects on kinetics and antigen stability would need to be studied in par-
allel [99].

Several additional safety issues must also be considered before
single-administration vaccines obtain widespread use. First, several
groups have suggested that these systems may induce immune toler-
ance due to slow and prolonged antigen leakage based on several stud-
ies conducted over half a century ago that demonstrated semi-
continuous antigen administration could cause “immunological paraly-
sis” [100–102]. However, more recent studies using continuous release
microparticles have not observed this effect [80,103]. Second, unless an-
tigen destabilization can be completely overcome, controlled delivery
devices will also release some proportion of degraded, potentially
toxic antigen [104]. Lastly, from a logistical standpoint, vaccines can
only be effective if they reach their intended target, so the administra-
tion of these devices must be simple and reliable. For microparticles,
this means that all or nearly all particles are injected through a syringe.
Although this is a simple enough concept, particle aggregation and non-
specific binding to the inner syringe surface may reduce the amount of
load delivered. Therefore, some groups have begun to inject particles in
a viscous solution such as carboxymethyl cellulose to mitigate these
issues [105–107].

4.3. Vaccine efficacy & adjuvants

The efficacy of a vaccine is just as critical as formulation safety since a
failure to induce immunity could have severe consequences. To be seri-
ously considered forwidespread adoption, single-injection vaccineswill
likely need to induce comparable or superior immunitywhen compared
to traditional immunization methods. Even if single-injection vaccines
outperform traditional injection regimens in the developing world in
“real-world” use due to limited patient access (and thereby poor com-
pliance), this may be insufficient motivation for vaccine manufacturers
to develop a product specialized for the developing world. Despite the
fact that nearly 90% of vaccines are sold to developing countries, these
sales account for only 25% of total vaccine revenue due to tiered pricing
[3]. Therefore, to have commercialization potential single injection-
vaccines must at the very least match current vaccine efficacy to merit
the cost of development which can rise as high as $800million (though
the cost of implementing a novel delivery system using an existing vac-
cine may be significantly less) [3].

Adjuvants are immunopotentiators that may be incorporated into
vaccine formulations to enhance the efficacy of the antigen. These com-
pounds have been used for both traditional and single-injection vac-
cines to either improve the immune response with the same quantity
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of antigen or attain the samemagnitude of response using significantly
less antigen (i.e. dose-sparing) [108]. Adjuvants function by recruiting
antigen presenting cells to the vaccine injection site to enhance the im-
mune reaction [3]. Therefore, it should not be surprising that adjuvants
can increase inflammation at the injection site, especially when im-
planted subcutaneously [109–111]. Antigen may be adsorbed on the
surface of traditional aluminum salt adjuvants such as AlPO4 and
Al(OH)3 to improve the immune response [39,112–114]. More
recently, monophosphoryl lipid A, a less-toxic derivative of a bacterial
lipopolysaccharide, has also been used successfully as an oil phase
adjuvant in several vaccines licensed internationally for influenza,
hepatitis A, and melanoma [115–117]. This compound is currently co-
administered as an emulsified oil, but could be easily incorporated
into microparticles through co-precipitation with the polymer phase
during fabrication using an emulsion/evaporation technique [3,118].
Similarly, water-soluble adjuvants could be incorporated into the
water phase during an emulsion/evaporation or other method to co-
encapsulate antigen and immunopotentiators [119]. Several groups
have used this approach to incorporate alum-adsorbed antigen into mi-
croparticles with varying results. Pandit and colleagues demonstrated
an approximately 2- to 5-fold increase in antibody titers for the du-
ration of the 400-day experiment when incorporating alum-
adsorbed HBsAg into microparticles compared to the encapsulation
of HBsAg alone [120]. Alternately, Esparza and Kissel did not observe
any difference in immune response between microparticles contain-
ing alum-adsorbed or containing TT alone [121]. Polyinosinic acid–
polycytidylic acid (poly(I:C)), a mimic of viral double-stranded
RNA has also been explored extensively as an adjuvant in both in so-
lution and within polymeric microspheres. While poly(I:C) is an ef-
fective immunopotentiator, issues of autoimmunity persist which
may limits its use in the immediate future [122]. For a more compre-
hensive overview of vaccine adjuvants please refer to a review by
O'Hagan and Valiante [123].

Controlled release devices themselves may have an even stronger
adjuvant effect than traditional immunopotentiators. Whereas classical
adjuvants function by stimulating immune cell function at the injection
site, particulate-based release devices do this and bring a proportion of
the antigen to the immune cell-rich lymph nodes. Macrophages infil-
trate the injection site as part of the foreign body reaction and combine
with resident dendritic cells to phagocytose small (b10 μm) particles.
Macrophages carrying these engulfed particles (and encapsulated anti-
gen) thenmigrate to the lymphnodeswhere antigen is in close proxim-
ity to lymphocytes and can bemaximally effective [44,124–126]. While
it is difficult to uncouple this adjuvant effect from the effect of extended
release, several groups have shown improved immune responses to
bolus and microparticle-based vaccines injected directly into the
lymph nodes [127–130]. However, reliably administering vaccines to
the lymph nodes in patients worldwide would require an extensive
(and costly) training process, so designing particles that target the
lymph nodes after administration is likely a more practical approach.
Multiple groups have attempted to exploit this routing mechanism
using smaller particles, conjugating biological moieties to the particle
surface, or by chemically modifying the particle surface to modulate
macrophage and dendritic cell behavior [131–133].

Even without specific surface modification, many studies have
shown an extreme improvement in antibody titers when antigens are
incorporated into small particulate controlled release devices. Eldridge
and colleagues encapsulated staphylococcal enterotoxin B toxoid into
PLGA microspheres and found that antibody titers were over 4000-
fold (212) higher than an equivalent bolus dose 50 days after adminis-
tration. Interestingly, when a bolus was instead co-injected with
empty microspheres this effect was lost suggesting that macrophage
routing is the major mechanism of action [44]. Another group demon-
strated a similar adjuvant effect with antibody titers increasing 3250-
fold at 8 weeks when PLGA-encapsulated OVA was compared to bolus
administration [134]. Taken together, these studies suggest that
gress, challenges, and opportunities, J. Control. Release (2015), http://
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single-administration vaccines may be compatible with less potent an-
tigens (such as proteins subunits) or enable dose sparing due to their in-
herent adjuvant effect [103].

4.4. Antigen degradation during formulation

In order for vaccines to be effective, they must deliver antigen at the
correct time and in the correct form. For single-administration vaccines,
this means a controlled release system that releases antigen in its native
conformation over an extended period of time. Specifically, the antigen
must be sufficiently similar to the same epitope on the environmental
pathogen. Repeated antigen presentation then helps to establish a
more robust immune memory by increasing antibody avidity and the
number of long-lived plasma cells [9]. Unfortunately, most vaccine
antigens are quite unstable and may undergo a variety of chemical
and physical changes including hydrolysis, oxidation, deamidation,
unfolding, and aggregation [135]. These processes may occur (1) during
microparticle fabrication, (2) while being stored, or (3) after implanta-
tion into the body [45]. Antigen degradation after implantation is likely
to be the most challenging aspect of single-injection vaccine design be-
cause the temperature and hydration state of the formulation cannot be
controlled in the way they can during the other two stages. Neverthe-
less, antigen stability must be optimized for each of these periods in
order to immunize patients after just one injection.

Microparticle fabrication methods for single-administration vac-
cines aim to encapsulate antigens without affecting their structure. A
loss of antigenicity at this stage not only reduces the efficacy of the vac-
cine, but also produces potentially toxic byproducts in the form of dena-
tured or aggregated antigen [104]. The major sources of antigen
degradation during fabrication include solvent interaction, physical
stressors, drying, and heat. Unfortunately, virtually all methods that
are widely used to create microparticles introduce either solvents,
heat, or both during some stage of fabrication [28,45]. Emulsion-based
methods are attractive for their simplicity, extensive history of use,
and potential scalability, but are not necessarily ideal for retaining anti-
gen stability [27,28]. Antigen encapsulated in microspheres formulated
by a water-in-oil-in-water (W/O/W) emulsion method may come in
contact with organic solvent, be heated, or undergo physical stress as
they are sonicated or vortexed— each of whichmay induce deleterious
antigen denaturation or aggregation [136–140]. Antigen encapsulated
via a solid-in-oilmethodwould undergo evenmore stress as the antigen
is completely immersed in the solvent rather than just interacting at the
phase interface during water-in-oil fabrication [28].

Although not all antigens exhibit the same sensitivity to environ-
mental stressors, somedegradationmechanisms can be easilymitigated
by changing fabrication parameters. For example, using a more hydro-
phobic solvent or changing surfactants can help minimize antigen deg-
radation by reducing interaction at the solvent interface [79,141,142].
Similarly, reducing the power and duration of sonication or
vortexing when mixing may also lead to greater native antigen re-
covery by reducing the amount of physical stress and heat generated
[138–140]. These changes may also alter the size of the particles and,
in turn, the release kinetics. However, increasing particle size may
offer a secondary benefit of reducing the surface area-to-volume
ratio and thereby relative area for solvent–antigen interaction.

Another stabilization strategy involves the incorporation of additives
that reduce stress duringmicrosphere fabrication. These approaches ei-
ther reduce the interaction between the antigen and its environment or
make the antigen's native conformation more favorable [28,143]. Many
groups have addednon-reducing sugars such as trehalose or polyols like
sorbitol to stabilize secondary antigen structure during device formula-
tion [144–148]. While themechanisms by which these osmolytes func-
tion has yet to be conclusively determined, prevailing theories center on
water exclusion and improved hydrogen bond strength thatmakes con-
formational changes away from the native state evenmore energetical-
ly unfavorable [149–151].Most of these compounds appear tominimize
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antigen damage during both drying and after they are implanted into
the body.

Spray drying is an alternative microparticle fabrication method that
generates particles with well-defined size and is even more scalable
than emulsion-based methods, but presents an additional challenge in
terms of temperature [48,152]. Spray drying uses a jet of hot air to
quickly evaporate solvent and water during particle formation. Because
vaccines are typically heat liable, this is problematic for antigen stabili-
ty; however, the extremely short duration of heating may limit the
amount of damage [28]. As with emulsion-basedmethods, spray drying
parameters can be tuned to alter particle properties and potentially im-
prove antigen recovery after encapsulation. Derivatives of spray drying
such as freeze spray drying and coaxial capillary electrospraying have
also been developed to produce microparticles with more complex
morphology such as core-shell structures with varying wall thickness
[153,154].

Several novel microparticle fabrication techniques are also being de-
veloped to minimize stress on the antigen during encapsulation for
single-injection vaccines [155–157]. Reinhold and colleagues describe
a self-healing method of microencapsulation that eliminates the need
for organic solvents. They used an emulsion-based method to encapsu-
late trehalose in PLGA microspheres and then leached out the sugar to
generate pores throughout the particles. These porous particles were
then immersed in a lysozyme solution which entered through the
pores to occupy some of the internal void space. They then introduced
a small amount of heat to bring the polymer just above its glass transi-
tion temperature causing the surface “self-heal” (i.e. seal) with lyso-
zyme encapsulated inside [157]. Stenekes and coworkers developed a
solvent-free method to fabricate dextran microspheres based on
polymerization of methacryloyl groups attached to dextran while
emulsified in an aqueous poly(ethylene glycol) solution [156]. Several
other groups have also demonstrated the use of phase separation
techniques to formulate particles [158]. Although these methods are
not as well-established or flexible as emulsion-based techniques, they
may be capable of overcoming several antigen stability issues that
occur using conventional techniques.

4.5. Antigen degradation during storage

Antigens may also degrade on-the-shelf between vaccine formula-
tion and injection into the body. For a vaccine to be commercially viable,
it must retain efficacy (typically defined as b0.5log10 loss of antigenici-
ty) for at least one year [135,159]. Becausemost traditional vaccines are
prone to thermal degradation, there are many facilities across the globe
that are already equippedwith cold storage [94,160]. This cold chain in-
frastructure could easily be repurposed for storing single-injection vac-
cines in the same manner with little, if any, modification. In addition,
storage limitations may actually be alleviated by single-injection vac-
cines which reduce the number of total doses that need to be delivered.
Therefore, there is an opportunity for single-injection vaccines to be
stored at any temperature down to −20 °C. However, while freezing
will slow biological processes and reduce molecular mobility more
than refrigeration, it may also damage the antigen during the freeze–
thaw cycle and/or cause particles to aggregate [28]. Just as with tra-
ditional vaccines, the storage temperature for a particular single-
injection vaccine will require optimization on a case-by-case basis.

The physical state of single-injection delivery systems is also likely to
have a major effect on stability. Antigen-containing delivery devices are
almost ubiquitously stored in a dry state. This not only eliminates resid-
ual solvent and reduces the potential for antigen degradation (via hy-
drolysis, unfolding, and aggregation), but also prevents the device
from degrading and thus “starting the clock” on antigen release prior
to administration. This can be done through simple air-drying or
vacuum-drying, but is more commonly performed via lyophilization
(freeze-drying). Each of these processes can cause extreme stress to
the antigen resulting in denaturation and disulfide bond-induced
gress, challenges, and opportunities, J. Control. Release (2015), http://
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aggregation [83,161]. As a result, most groups now incorporate cryo- or
lyo-protectants into their formulations to vastly improve recovery [94,
145]. Non-reducing disaccharides and surfactants are usually among
the best lyoprotectants, but may still need to be used in many-fold ex-
cess compared to the antigen they are stabilizing [161].

Trehalose is an especially interesting excipient for lyophilization be-
cause it is naturally used by plants and lower animals for protection
against both desiccation and heat [162–164]. Jaganathan and colleagues
demonstrated that the addition of 0.5 to 2.0% w/v trehalose as an excip-
ient in the encapsulated tetanus toxoid solution improved loading effi-
ciency of native TT into both PLGA and chitosan microspheres from
30–40% to 80–90% [31]. Johansen observed a similar effect with treha-
lose, showing that the addition of 20% w/w trehalose relative to PLGA
mass improved TT recovery after encapsulation from 21% to 31%.
Using 15% trehalose with 5% BSA further increased TT recovery to 43%
as detected by ELISA [165]. Polyethylene glycol, polyvinylpyrrolidone,
sorbitol, mannitol, amino acids, and dextran have also been used to in-
crease antigen recovery after drying, but generally achieve a less pro-
nounced improvement [145,166]. Finally, although these compounds
may significantly improve antigen stability during drying and storage,
they also substantially increase the amount of material that needs to
be encapsulated into microspheres presenting a potential loading issue.

4.6. Antigen degradation after administration

The body itself presents the greatest challenge for retaining antigen
effectiveness since it is constantly at an elevated temperature and well-
hydrated [167]. Antigens currently stored at −20 °C or 4 °C when ad-
ministered in multiple doses must retain their antigenicity at 37 °C for
weeks or months between primary and secondary antigen release in
order to remain effective. Higher temperatures provide energy that in-
creases the probability that the antigen assumes a non-native confor-
mation. Water further increases the potential for antigen degradation
by increasing protein mobility and the rates at which hydrolysis, oxida-
tion, and deamidation occur [94]. These processes are discussed in fur-
ther detail in a book chapter by Schwendeman [45]. The process of
rehydration itself has been shown to cause protein aggregation and
thus loss of antigen efficacy [160,168]. In addition, pH, although well-
maintained by the body, may diverge substantially from neutral within
degrading polymeric microspheres resulting in antigen denaturation
[169,170]. Although acidification is unlikely to occur quickly enough
to affect the initial burst release from themicrosphere surface, itmay re-
duce the effective dose delivered during the secondary antigen release
phase [171]. Conjugate vaccines may also require additional stabiliza-
tion to prevent the dissociation of the protein carrier and polysaccha-
ride, which could otherwise lead to ineffective immunization [94].

The most common strategy used to mitigate protein denaturation is
to incorporate stabilizing excipients into the formulation. These addi-
tives interact with the antigen to make the native conformation more
energetically favorable or prevent potentially harmful interactions be-
tween the antigen and its environment. Some of the same excipients
evaluated for freeze-drying protection also appear to confer protection
in a warm, hydrated environment. Non-reducing sugars, buffering
agents, osmotic agents, proteins, surfactants, and other small molecules
are among the most common thermostabilizing additives used in
existing vaccine formulations and may be beneficial for single-
injection vaccines as well [15,75,81,144,172]. Sugars improve thermo-
stability through hydrogen bonding with the antigen [149]. Buffering
agents help prevent deamidation, conformational changes, and aggre-
gation by preventing pH change [173,174]. Osmolytes serve to shift pro-
tein folding equilibrium in a favorable direction while also preventing
aggregation through preferential antigen hydration [148]. Proteins and
surfactants also inhibit aggregation while also shielding the antigen of
interest from interfacial damage [75]. Lastly, small molecules may spe-
cifically interact with proteins to stabilize their structure [175]. Sugars
may also be capable of physically entrapping antigen in a glassy matrix
Please cite this article as: K.J. McHugh, et al., Single-injection vaccines: Pro
dx.doi.org/10.1016/j.jconrel.2015.07.029
that prevents antigen mobility and thus conformational changes [147],
though it is unclear if this effect would be lost in hydrated environment.
Jaganathan and coworkers demonstrated the beneficial effect of treha-
lose for HBsAg, as increasing the percentage of trehalose in the encapsu-
lated solution from 0.5% to 2.0% improved the in vitro release of
antigenically active HBsAg from PLGA microspheres from 15% up to
N90% on day 42 as determined by measuring the amount of ELISA-
reactive versus total protein. This study also demonstrated statistically
similar antigenicity between HBsAg encapsulated with 1.5% trehalose
and 2% Mg(OH)2 compared to alum-adsorbed HBsAg after 16 days
in vitro at 37 °C [176]. Shi and colleagues explored sucrose as an additive
and observed that adding 2% sucrose into PLGAmicrospheres increased
the in vitro antigenicity of HBsAg from b20% to 65% [84]. Unfortunately,
these smallmolecule excipientsmay diffuse out of particlesmore quick-
ly than the larger antigen leading to unstabilized antigen during the lat-
ter stages of release [45].

Acid-induced aggregation, deamidation, and conformational chang-
es caused by a drop in particle pH due to acidic degradation products
can be mitigated by including buffering excipients, altering polymer
properties or changing the geometry of the delivery device. Many stud-
ies have incorporated basic excipients such as Mg(OH)2, MgCO3, and
NaHCO3 to counteract the acidity of degradation products with good re-
sults [167,171,177]. Proton sponges and buffers have also been evaluat-
ed, but have not been as widely reported [178]. Because the pH-
sensitivity of antigens and acidity of polymer degradation products
can vary greatly, the best pH-stabilizing excipients will likely be depen-
dent on the particular delivery system studied. More basic excipients
can better prevent acidification, but result in an initially alkaline envi-
ronment that may cause some antigens to denature. Likewise, bases
with high solubility will be able to diffuse through pores more easily
to neutralize pH, but may diffuse out of the particle quickly reducing
the duration of this effect. To date, Mg(OH)2 has been the most widely
used excipient for limiting pH change due in part to its poor solubility
which allows it to act as a largely solid-state buffering agent to prevent
acidification without initially increasing pH [169,177]. Device geometry
may also play an equally important role in the pH of the antigen micro-
environment as the core of larger particles can becomemore acidic than
small particles [170]. These aspects will be discussed further in the fol-
lowing section as both pH and particle size have significant effects on
antigen release kinetics.

4.7. Antigen release kinetics

At the most basic level, controlled release devices have garnered at-
tention for their ability to release a therapeutic over an extended period
of time. For most drug delivery applications this consists of steady, con-
tinuous release of small molecules to maintain a drug concentration in
the therapeutic window, which is a drastic improvement over bolus in-
jections that cause drug levels to spike and then quickly fall. Unfortu-
nately for vaccines, it is not yet clear what antigen release kinetics are
optimal for inducing robust immunological memory [8,179,180]. This
area is severely understudied due to the efficacy of existing vaccination
schedules and prohibitive cost associated with conducting such a study.
Further, in some cases itmay even beunethical to explore novel alterna-
tives to multi-bolus vaccine regimens due to already high seroconver-
sion rate as the potential benefits do not justify the risks.

Nearly every polymer and device characteristic has the potential to
impact degradation and thus release rate including chemical composi-
tion, molecular weight, hydrophobicity, glass transition temperature,
crystallinity, device dimensions, and porosity [181]. While this certainly
complicates the optimization process, it also providesmultiple opportu-
nities to improve upon existing designs. For the purposes of single-
injection vaccination systems, release kinetics may be generally classi-
fied as either continuous or pulsatile (Figs. 3 & 4). Pulsatile antigen
release kinetics are ideal from a regulatory approval standpoint because
they recapitulate traditional multi-bolus vaccine administration which
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Fig. 3. Cumulative antigen release from three PLGA microsphere formulations exhibiting
continuous release over two months. Squares represent PLGA 50:50, triangles represent
PLGA 50:50 with a carboxylic acid end cap, and circles represent PLA 75:25.
Reprinted from Journal of Controlled Release, vol. 112, Feng L, Qi XR, Zhou XJ, Maitani Y,Wang
SC, JiangY,Nagai T, Pharmaceutical and immunological evaluationof a single-dosehepatitis B
vaccine using PLGA microspheres, pg 35–42, Copyright 2006 with permission from Elsevier.
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has well-known safety and long-term efficacy [103]. As a result, a con-
trolled release device with these kinetics could present the easiest
path to clinical use by eliminating concerns over tolerance and chronic
inflammation that might otherwise delay regulatory approval [100–
102]. However, the current multi-bolus regimen has arisen out of
convenience rather than a thorough optimization process, so there are
likely different kinetics which elicit superior seroconversion rates. The
results of several recent studies suggest that semi-continuous or con-
tinuous antigen delivery can elicit a superior immune response with in-
creased antibody affinity and titers [30,54,182,183]. Continuous release
may work well for inactivated, conjugate, and subunit vaccines which
rely on high antigen doses, but will likely be incompatible with live (at-
tenuated) vaccines. Live vaccines are administered at a low dose and
must replicate in the body to evoke an immune response. However,
continuous release could result in high antibody titers that neutralize
the antigen and prevent in vivo replication during the secondary immu-
nization phase, potentially negating the benefit of extended release
[15].
Fig. 4.Pulsatile antigen release kinetics from twodifferent PLGAmicrosphere formulations
containing tetanus toxoid. The burst centered around Day 21 corresponds to PLGA 50:50
while the burst at 49 days corresponds to PLGA 75:25.
Modifiedwith permission fromPulsed controlled-release system for potential use in vaccine
delivery. Sanchez A, Gupta RK, Alonso MJ, Siber GR, Langer R, Journal of Pharmaceutical Sci-
ences 85(6). Copyright 1996Wiley-Liss, Inc. and the American Pharmaceutical Association.
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Virtually all release profiles from monolithic controlled release
devices begin with an initial burst as antigen is desorbed from the sur-
face of the device. The relative size of the burst compared to the total en-
capsulated antigen can be affected by a number of parameters including
loading. Higher antigen loading as a percentage of total devicemasswill
increase the relative size of the initial burst through a positive feedback
loop in which antigen that desorbs from the surface and generates a
void that allows water to access more deeply encapsulated antigen
and further increase the pore depth [23]. Device size also affects the
magnitude of the initial burst through a similar surface accessibility
phenomenon. Smaller particles have a higher surface area-to-volume
ratio and thus there are more antigens at the particle surface relative
to their interior. As a result, these particles release a larger proportion
of their total dose during the first burst than do larger, similarly-
prepared particles [184]. One study using bolus vaccine administration
has shown that a smaller priming dosemay aide in the formation of im-
munememory, so it may be desirable to keep this burst relatively small
[185].

Subsequent release kinetics are dependent on a number of factors
including the degradation properties of the encapsulating material
and device geometry (a more complete list is included in Table 2).
Synthetic polymers may be particularly well-suited for obtaining the
desired release kinetics as each property can be precisely and repro-
ducibly tuned. Increasing the molecular weight of the encapsulating
polymer typically increases the duration of release as can altering the
co-polymer ratio. Bulk-degrading materials such as PLGA will also ex-
hibit far different kinetics than surface-degrading materials such as
polyanhydrides. PLGA microspheres can be formulated differently to
obtain continuous or pulsatile release kinetics (Figs. 3 & 4) [26,48,
179], but surface-degrading materials will generally produce an inher-
ently smooth and continuous release profile unless a more complex,
layered approach is adopted (Fig. 1) [65,66]. Antigen properties may
also greatly affect the release rate from controlled release devices. For
example, TT is larger (150 kDa vs. 60 kDa) and more hydrophobic
than DT suggesting that it would be released more slowly from an oth-
erwise equivalent device. Further, TT would not be released until the
pore diameter was somewhat larger and even then may escape more
slowly because the aqueous pore environment is less favorable for TT
than the relatively hydrophilic DT [77]. This theory has been verified
in practice by Higaki and colleagues who showed that TT releases
from collagen minipellets more slowly than DT [60].

In addition to affecting antigen stability, pH change inside degrading
polymeric vaccine-delivery devices may also affect release rate. Encap-
sulating buffering agents, as in the previous section, is therefore likely
to have a two-part effect in both stabilizing the antigen and reducing re-
lease rate. Adding buffer will help to maintain a near-neutral pH and
prevent acid-catalyzed hydrolysis which would otherwise increase re-
lease rate as a function of polymer degradation [187]. The pH insidemi-
crospheres is also dependent on a number of factors including the
polymer type, molecular weight, and particle size [170,188]. Polymer
Table 2
Factors affecting antigen release kinetics.

Antigen encapsulation technique
Antigen loading
Antigen–polymer interactions
Antigen size
Device size
Excipient loading
Injection site
Polymer type
- Molecular weight
- Copolymer ratio (if applicable)
- End cap group
- Degradation products
- Hydrophobicity
- Crystallinity
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properties will determine not only the speed at which these particles
degrade (and therefore produce acidic degradation products), but also
the acidity of these degradation products and the speed at which they
are cleared into the surrounding environment. Bulk degradingmaterials
such as PLGA generate acidic degradation products throughout their
volume, which induces a pH gradient between the highly acidic core
and well-buffered body. Smaller particles present a shorter diffusion
distance that acidic degradation products must travel allowing them
to be cleared before producing a major pH gradient. Fu and colleagues
used pH sensitive dyes to explore the internal environment of PLGAmi-
crospheres and found that the pH at the center of these particles can
drop to as low as 1.5 [170]. Therefore, generating small particles con-
taining insoluble buffers may be the best approach to mitigate the dele-
terious effects of pH on both release kinetics and antigen stability.
Alternately, surface eroding polymers such as polyanhydrides are un-
likely to have any pH issues since acidic degradation products are only
generated near the particle surfacewhere they can quickly diffuse away.

While most single-injection vaccine studies include some in vitro re-
lease data, this may not be representative of in vivo release kinetics. In
fact, microspheres degradation is commonly reported to be 1.7–2.6
times more rapid in vivo than in vitro [189] due to the differences that
include acid-induced hydrolysis [34] and plasticization by lipids and
other biologicalmolecules [190]. This should not be particularly surpris-
ing since the environment in which in vitro studies are typically con-
ducted (PBS with replacement every few days) is a poor mimic for the
in vivomilieu due to different levels of hydration, buffering, and convec-
tion. Unfortunately, in vivo vaccine kinetics are difficult to determine
due to theminimal antigen load and long duration of release. Tradition-
al blood sampling is inadequate because antigen may not reach circula-
tion and would have a short half-life relative to sampling frequency.
Therefore, there is a clear need for a technique to assess in vivo release of
antigens for single-injection vaccines. One approach for studying in vivo
release kinetics is to use non-invasive imaging with fluorescently-
labeled antigens to assess vaccine depletion from controlled release de-
pots over time. This technique has been used for one study, but has yet
to be validated [191].

4.8. Perspectives on future work

Despite the many challenges associated with single-administration
vaccination, the paradigm-shifting potential of this approach is more
than sufficient to warrant further development. In this review, we
have purposely excluded a majority of work on model antigens such
as OVA and BSA in favor of potentially therapeutic antigens. Although
these classic “model” antigens have been widely used in controlled vac-
cine delivery systems as inexpensive alternatives for studying release
kinetics and antibody responses [98,141,192–195], they fail to recapitu-
late the most significant challenges currently facing single-injection
vaccines. Therefore, whenever possible, we would encourage the use
of therapeutic antigens as both stability and release kinetics can be
highly antigen-dependent. In addition, because the goal of this work is
to translate these vaccines to the clinic, the use of currently approved
antigens will greatly reduce the barrier to adoption, though it may be
substantially more difficult to obtain these reagents.

Further, while in vitro studies are valuable, the true gold standard re-
mains the in vivo immune response [196]. In vitro release studies are
very useful for comparing antigen stability and relative release kinetics
between a large number of experimental formulations. These studies
may be used in combinationwith chromatographic, spectroscopic, calo-
rimetric, and electrophoretic techniques to determine the mechanisms
underlying antigen denaturation and therefore the class of excipient
needed to lessen their effect [45]. However, even then the mechanisms
that play a major role in vitromay not be the same as in vivo. Measuring
native antigen recovery in vitro fails to demonstrate the full benefits of
controlled release systems since they do not appreciate the effects of ex-
tended release and immune cell targeting, which may be able to
Please cite this article as: K.J. McHugh, et al., Single-injection vaccines: Pro
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overcome imperfect release kinetics or antigen stability [79]. As a result,
in vivo studies that provide a direct measurement of vaccine effective-
ness should always be used to verify in vitro results.

In general, in vivo studies should allow for the long-term (6+
month) evaluation of antibody titers, ideally ending with a late-stage
challenge to view the speed andmagnitude of the immune response. In-
cluding a dose-sparing group in these studies would also be interesting
to evaluate potential adjuvant effects that could offset the cost of the de-
livery system. This would be especially interesting for vaccines contain-
ing expensive antigens such as the HiB bacterial influenza and
pneumococcal conjugate vaccines. Lastly, although performing an
ELISA for antibodies in serum is a standard way of evaluating titers, a
bettermeasurement of functional immunity is to perform a neutralizing
antibody experiment. Depending on pathogen availability, these exper-
iments may be performed in-house as a fee-for-service by the CDC or
other centralized health organization. In either case, these studies can
be performed during the last stages of single-injection vaccine develop-
ment to verify the results observed in earlier experiments while
avoiding a major cost burden.

Moving forward, controlled release systems for single-administration
vaccines should build upon existing knowledge in the field. Specifically,
every process and component should be thoughtfully selected to achieve
the desired effect. The twomost important factors in single-injection vac-
cine design are antigen stability and release kinetics, which together in-
fluence efficacy. Formulation techniques that are scalable and reduce
antigen interactions with solvent and heat should be chosen to improve
commercialization potential and antigen recovery.

Synthetic materials also appear to be quite useful due to their tun-
able degradation (and thus release) profiles [48]. Combined administra-
tion of antigen-containing devices and traditional alum-adsorbed
antigens has also been shown to significantly improve titers in numer-
ous studies and therefore merits additional exploration [32,82,84]. Fur-
ther complicating development is the fact that each alteration affects
the delivery system on multiple levels. For example, adding Mg(OH)2
will likely increase antigen stability by neutralizing pH, slow release ki-
netics by preventing acid-catalyzed hydrolysis, and increase the size of
the initial antigen burst by creating pores on the particle surface. Simi-
larly, small particles increase vaccine efficacy by targeting the lymph
nodes andminimize particle acidification to improve native antigen re-
covery, but exposemore antigen to solvent duringW/O/W formulation,
exhibit a larger initial burst, and may also degrade more quickly than
larger particles thus minimizing the benefit of extended release
[197,198]. Therefore, a systematic, antigen-specific evaluation of for-
mulations in vivomay be the only way to fully determine the optimal
formulation parameters. Though these studies are inherently expen-
sive and time-consuming due to their long duration, if successful, de-
velopment costs will likely be far outweighed by the benefits of
single-injection vaccines in terms of both global health and econom-
ic impact.
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