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ABSTRACT: New vaccine adjuvants that direct immune cells
toward specific fates could support more potent and selective
options for diseases spanning infection to cancer. However,
the empirical nature of vaccines and the complexity of many
formulations has hindered design of well-defined and easily
characterized vaccines. We hypothesized that nanostructured
capsules assembled entirely from polyionic immune signals might support a platform for simple, modular vaccines. These
immune-polyelectrolyte (iPEM) capsules offer a high signal density, selectively expand T cells in mice, and drive functional
responses during tumor challenge. iPEMs incorporating clinically relevant antigens could improve vaccine definition and support
more programmable control over immunity.
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Despite the tremendous clinical success of vaccines, the
complexity of some of the most pervasive diseases

continues to create challenges for new vaccines. For example,
HIV virus is able to evade immune clearance by rapid mutation
and concealment in the mucosa, and cancerous tissues actively
suppress tumor-destructive immune cells.1−3 The ability to
rationally design vaccines or immunotherapies that elicit
immune responses with specific characteristics (e.g., pheno-
types, tissue homing, memory) could improve both the efficacy
and robustness of these technologies. Improved vaccine
adjuvants could help realize this vision by eliciting responses
that are potent, but that also exhibit particular features. A major
hurdle to this goal is the complex composition (e.g., carriers,
excipients, adjuvants, antigens) that makes characterizing and
testing the multitude of new vaccine candidates empirical and
economically infeasible.4 Thus, there is a need for simpler,
more modular technologies to support a new generation of
human vaccine adjuvants.
Biomaterials have been explored to improve adjuvant

performance because these materials offer controlled release,
codelivery of multiple cargos, and targeting to sites such as
lymph nodes−tissues that coordinate adaptive immunity.5−8

Although traditionally viewed as passive carriers, recent studies
have led to a revelation that many ubiquitous polymeric vaccine
carriers activate inflammatory pathways even in the absence of
other antigens or adjuvants. Examples of both degradable and
nondegradable materials have been reported in this context,
including poly(lactide-co-glycolide), poly(styrene), chitosan,

and hyaluronic acid.9−12 Thus, although polymeric materials
offer great potential for new vaccines, the intrinsic immune
characteristics can hinder rational vaccine design and trans-
lation because the role of the carrier itself may alter how other
vaccine components or signals (e.g., antigens, adjuvants) are
processed.
To address the challenges above, we identified three design

features that would enable more programmable vaccines: (i)
modularity to assemble different types of antigens or adjuvants
at a high signal density, (ii) defined compositions that eliminate
excess carrier components, and (iii) simple, low-energy
manufacturing processes that do not require homogenization
or sonication. Polyelectrolyte multilayers (PEMs) are self-
assembled structures that offer many of these features. These
films are formed through electrostatic interactions during a
layer-by-layer (LbL) deposition process.13−16 PEMs assembled
from a range of polymerssuch as dextran sulfates, poly(β-
amino esters), or poly(L-glutamic acids)have been used to
enhance vaccination in flu, cancer, and HIV by injecting
particles or capsules that encapsulate or adsorb vaccine
components with the polymers.17−24 In comparison to our
recent work with PEMs assembled on gold nanoparticles,25

here we present a platform for simplifying vaccine design and
evaluation by electrostatically assembling stable vaccine
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capsules solely from immune signals. The elimination of
supports, synthetic polymers, and other carrier components
distinguishes our work from all past reports. These immune-
PEM (“iPEM”) capsules mimic many features of biomaterials
(e.g., tunable sizes, codelivery), enhance vaccination by
increasing the density and programmability of immune signals,
and eliminate components that can exhibit poorly defined
immunogenic characteristics (e.g., synthetic materials).
iPEM capsules are assembled through alternate deposition of

peptide antigens and toll-like receptor agonists (TLRas) as
adjuvants (Figure 1A). This process is all aqueous and does not
require heating, cooling, or mixing. iPEMs are built on a
sacrificial core in an LbL manner and comprise polyinosinic-
polycytidylic acid (polyIC)an immunostimulatory double
stranded RNA (i.e., TLR3 agonist)and antigenic peptides
from a common model antigen, ovalbumin (SIINFEKL). In
this system, the TLRas serve as potent molecular adjuvants and
polyanionic film components, while SIINFEKL modified with
nona-arginine (SIIN*) at the carboxy-terminus serves as the

antigen and a cationic film component. To design iPEM
capsules formed entirely from these immune signals, we first
assembled iPEMs on 5 μm CaCO3 sacrificial cores. Film
assembly was confirmed by the oscillation of zeta potentials
between positive and negative values as each respective layer of
SIIN* and polyIC was deposited (Figure 1B). Confocal
microscopy further confirmed film growth, with increasing
fluorescence corresponding to SIIN* and polyIC as the bilayer
number increased (Figure 1C). These images also revealed
polyIC and SIIN* were juxtaposed in the film structure, as
indicated by colocalization of the fluorescent signal for each
component (Figure 1C). Control studies confirmed fluorescent
signals from antigen and adjuvant could be independently
visualized (Figure S1). Cargo loading was also tunable by
varying the number of layers deposited, with UV/vis spectros-
copy and fluorimetry indicating loading of ∼44 μg of SIIN*/
mg of particles and ∼67 μg of polyIC/mg of particles during
assembly of (SIIN*/polyIC)3 (Figure 1D).

Figure 1. iPEM capsules are stable and exhibit sizes that are a function of pH. (A) Schematic representation of iPEM capsule synthesis using antigens
and adjuvants. (B) Zeta potential measurements indicating charge inversion as each antigen or adjuvant layer is adsorbed during iPEM synthesis. (C)
Confocal microscopy images and (D) cargo loading during assembly of (SIIN*/polyIC)3 on CaCO3 templates. (E) Confocal microscopy images and
(F) diameter of iPEM capsules formed following removal of the core with EDTA at the indicated pH values (black bars), and after subsequent
transfer to PBS (gray bars). (G) Fluorescent intensity distributions of SIIN* (FITC) and polyIC (Cy5) across a cross-section of a representative
capsule formed by EDTA treatment at pH 4. (H) Stability of iPEM capsules during incubation at 37 °C in PBS, media, or media with 10% FBS. The
inlay shows images of iPEM capsules during incubation in media with 10% FBS for 1, 48, and 96 h. Values for all panels represent the mean ±
standard deviation. Scale bars: (C, E) 2.5 μm; (H) 10 μm.
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To form support-free iPEM capsules, we removed CaCO3
templates with ethylenediaminetetraacetic acid (EDTA),
leaving (SIIN*/polyIC)3 capsules composed entirely of antigen
and adjuvant (Figure 1A). Capsule size could be tuned by
varying the pH of the EDTA solution used for core removal,
with an inverse relationship between capsule size and increasing
EDTA pH. Cores removed with EDTA at a pH of 4 resulted in
capsules with microscale diameters (∼2.2 μm), whereas
capsules exhibited nanoscale diameters (∼700 nm) when
cores were removed with EDTA at higher pH values (Figure
1E, F). Past fundamental studies have shown that polyelec-
trolyte capsule size and stability are relatively constant over
intermediate pH ranges where electrostatic forces are
dominant.26 At more acidic or more basic conditions outside
this range, hydrophobic forces and surface tension become
dominant as excess charge of one polyion is no longer fully
compensated. These effects minimize capsule size, and at
extreme pH values, can lead to collapse. Our results with iPEMs
are in agreement with this theory, as we observed stable
capsules from pH 4−9, but collapsed capsules at pH 11 as
uncompensated charge on polyIC increased due to decreasing
cationic charge on SIIN* at this very basic pH (Figure 1E, F).
We also discovered that the sizes of iPEM nanocapsules and
microcapsules were maintained upon transfer to PBS after
removal of the core (Figure 1F, gray bars), confirming a robust
approach for tuning capsule diameter. We selected capsules
formed with EDTA at pH 4 for further study and confirmed
colocalization of antigen and adjuvant in the capsule shell after

core removal by pixel intensity analysis of confocal microscopy
line scans (Figure 1G). Incubation of iPEM capsules in PBS,
media, or media supplemented with 10% FBS confirmed
capsules were stable for at least 96 h (Figure 1H). Of particular
note, iPEM capsules incubated in complete media exhibited
only a slight increase in size, with an initial mean diameter of
2.4 μm compared to 2.7 μm after 96 h (Figure 1H). These data
confirm that stable iPEM capsules can be assembled from
peptide antigens and adjuvants at different length scales and
with control over the composition of the capsules. This is an
attractive feature for vaccination, for example, to allow design of
nanoscale capsules that promote passive drainage to lymph
nodes, or of larger capsules that are readily internalized by
peripheral antigen presenting cells.7,27

We next assessed the adjuvant effects of iPEM capsules by
measuring TLR activation and iPEM-triggered secretion of
inflammatory cytokines. iPEM capsules were prepared using
SIIN* and either polyIC (TLR3 agonist) or a nonimmunogenic
oligonucleotide (ODN) (Figure S2). Reporter cells treated
with (SIIN*/polyIC)3 iPEM capsules displayed efficient
activation of TLR3, whereas (SIIN*/ODN)3 capsules did not
activate TLR3 signaling. In line with these findings, iPEM
capsules incubated with primary dendritic cells (DC) induced
pro-inflammatory cytokines−including IFN-γ and IL-6−at
levels that were significantly higher than cells treated with
equivalent doses of free polyIC, peptide, or peptide and polyIC
(Figure S3). Together, these results confirm that iPEM capsules

Figure 2. Immunization with iPEM capsules promotes synergistic expansion of antigen specific CD8+ T cells by enhancing DC function. (A−C)
C57BL/6 mice were immunized intradermally with equivalent doses of antigen and adjuvant formulated in iPEM capsules or using a mixture of free
components at day 0 and day 15 (red arrows). (A) Quantification of SIINFEKL-specific CD8+ T cells in peripheral blood measured over 41 days
using MHC-I SIINFEKL tetramer. (B) Representative scatter plots and (C) mean frequencies of live/CD8+/SIINFEKL+ cells in peripheral blood at
the peak of primary (day 7) and recall (day 22) responses following immunization. (D) Tumor size on day 12 after a challenge with 1 × 106 B16-
OVA cells administered on day 36. Mice were vaccinated with the indicated formulations on days 0, 15, and 28. (E) Tumor burden over time in mice
immunized as described in D. (F) Survival curves demonstrating immunization with iPEM capsules prolongs survival after tumor challenge. Values
for all panels indicate the mean ± s.e.m. and are representative of 2−3 experiments using N = 4 for groups of naiv̈e mice, N = 8 mice/group for
immunization studies, N = 6 mice/group for tumor studies. Statistics are indicated for all significant comparisons using criteria of * p ≤ 0.05; ** p ≤
0.01; *** p ≤ 0.001.
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activate pathogen detection and response pathways that play a
key role in the generation of adaptive T cell immunity.
To assess iPEM capsules as a vaccination platform, we

immunized mice intradermally with iPEMs or equivalent doses
of antigen and adjuvant in free form. One week after injection,
iPEMs elicited a modest but significant increase in circulating
CD8+ T cells specific for the SIINFEKL antigen used to
assemble iPEMs (Figure 2A). Following a booster injection on
day 15, mice exhibited potent recall responses, with up to 4.6%
of circulating CD8+ T cells primed against SIINFEKL (Figure
2A−C). The mean frequency observed with iPEM capsules
(3.1%) represented a 4.5-fold enhancement over the level
(0.7%) observed in mice treated and boosted with the admixed
formulations of antigen and polyIC (Figure 2A−C). The higher
SIINFEKL-specific T cell levels associated with iPEM
immunization were also durable until the conclusion of the
study on day 41.
To determine if these enhanced T cell responses translated

to functional immunity, we challenged immunized mice with an
aggressive dose of 1 × 106 B16 tumor cells expressing OVA.
Compared with mice receiving admixed vaccines, iPEMs
delayed the formation of palpable tumors (Figure 2D), and
dramatically slowed tumor growth (Figure 2E). These effects
drove a statistically significant increase in median survival, with
a value of 25 days for mice immunized with iPEM capsules, and
16 days and 13 days for soluble formulations and unimmunized
mice, respectively (Figure 2F). Thus, iPEMs enhance antigen-
specific CD8+ T cell primary and recall responses in a manner
that translates to significant protection during an aggressive
tumor challenge.
To investigate the mechanisms behind the enhanced

immunogenicity of iPEMs compared with mixtures of peptide

and adjuvant, we immunized groups of mice with iPEM
capsules or the free form of the vaccine. After 3 days, spleens
and lymph nodes were harvested. Immunofluorescent staining
at this time revealed iPEMs distributed throughout the cortex
of the lymph node (Figure 3A). Antigen and adjuvant were
colocalized, as indicated by the yellow signal resulting from
overlapping red (polyIC) and green (SIIN*) fluorescence. This
ability to codeliver cargo to secondary lymph organs is an
attractive feature for vaccination and immunotherapy. Next, DC
activation was assessed quantitatively in these tissues using flow
cytometry. Compared with untreated groups or groups
immunized with soluble vaccine, mice immunized with iPEM
capsules exhibited upregulation of surface activation and
costimulatory markers (e.g., CD40, CD80, and CD86) in
draining lymph nodes (Figure 3B; Figure S4), but not in
spleens (Figure 3C; Figure S5). This finding suggests that
iPEM capsules locally enhance the function of DCs sampling
the incoming signals from lymphatics (i.e., in draining lymph
nodes). In a subsequent study, isolated DCs from identically
immunized mice were cocultured with CD8+ T cells from OT-I
mice, a strain in which CD8+ T cells proliferate upon encounter
of SIIN presented via DCs with appropriate costimulatory
signals. In these studies, DCs from iPEM capsule-immunized
mice drove greater T cell proliferation compared with DCs
from mice immunized with simple mixtures of peptide and
adjuvant (Figure 3D, E; Figure S6). These effects translated to
enhanced cytokine response, with T cells secreting significantly
greater IFN-γ (Figure 3F).
Throughout our studies, we generally observed that iPEM

capsules enhanced the function of DCs (e.g., activation,
cytokine secretion) and T cells (e.g., antigen-specific
proliferation). These enhancements likely resulted at least in

Figure 3. (A) Immunohistochemical staining of draining lymph node 3 days after intradermal immunization with the indicated vaccine (T cells
(CD3), white; B cells (B220), blue; SIIN*, green; polyIC, red). Scale bars are 200 and 10 μm (inlay). (B−F) DCs from (B) draining lymph nodes
and (C) spleens were isolated and evaluated for activation using expression of CD40, CD80, and CD86. (D) Histograms and (E) mean frequencies
showing the proliferation of labeled, SIIN-specific CD8+ T cells cocultured for 48 h with DCs from lymph nodes and spleens prepared as in B and C.
(F) Secretion of IFN-γ in DC and T cell cocultures as in B and C. Values for all panels indicate the mean ± s.e.m and are representative of 2−3
experiments using N = 4 for groups of naiv̈e mice, and N = 8 mice/group for immunization studies. Statistics are indicated for all significant
comparisons using criteria of * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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part from the improved uptake and recognition associated with
immune signals in a particulate form.28,29 Because iPEMs do
not require a carrier component, the high density of signals in
these structures and the tight colocalization of antigen and
adjuvant might be one feature that contributes to the enhanced
costimulation and immunogenicity that was observed. Addi-
tionally, nona-arginine is a cell penetrating peptide (CPP) that
supports cargo internalization, including both antigens and
adjuvants.30 Recent work reveals that intracelllular proteases
can efficiently process CPPs, and that these moieties can
enhance DC function and cross-presentation when antigens are
present.31 These features of CPPs may also contribute to the
greater potency of polyIC and peptides in iPEM vaccines
compared with free forms of peptide and adjuvant.
The goal of this research is to simplify vaccine composition

and synthesis while maintaining useful features of biomaterial
carriers (e.g., codelivery of vaccine components, high signal
densities, tunable sizes). This is an important idea for the
biomaterials and vaccine fields because recent studies
demonstrate that many ubiquitous vaccine carriers exhibit
intrinsic inflammatory functions. Designing simple, “carrier-
free” vaccines provides an opportunity to more clearly
understand how each immune component impacts vaccine
response, and perhaps, to develop new rational design
methodologies that significantly improve the potency and
selectivity of future vaccines. Several recent approaches have
explored well-controlled synthetic or peptide-based materials to
probe or direct immune signaling.8,32−34 These systems further
underscore the potential of modular approaches that support
more rational design of vaccines.
From a translational perspective, iPEM capsules offer several

attractive features including facile incorporation of different
types of antigens or adjuvants, elimination of potential
confounding effects from intrinsic immunogenicity of polymers,
and cargo loading densities of 100% (compared with typical
loadings of 0.5−5% obtained with cargo loaded in polymer
particles or matrices).35,36 Further, iPEM assembly does not
require solvents, heating/cooling, synthetic polymers, water-
insoluble components, or mixing. Although benchmarking
against current adjuvants and integration of clinically relevant
antigens will be required as next steps, this platform could help
improve the specificity and effectiveness of new vaccines by
harnessing immunological building blocks as both nano-
structured carriers and as signals that actively direct immune
response.
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