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Hydrogel is a promising vaccine delivery vehicle, and have been applied to deliver antigens and adjuvants to en-
hance the immunogenicity of antigens. However, the complexity of hydrogel design, and the high cost and safety
hazards of immunostimulating adjuvants have prevented the widespread applications of hydrogel vaccine. In
this study, we developed a spontaneously formed and self-adjuvanted hydrogel (SSH) which had both adjuvant
potential and the ability to sustained release antigen in situ. Unlike conventional hydrogel vaccine, our SSH was
formed without requirement of radiant light sources or any crosslinking initiators. The adjuvant potency of hy-
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drogel was evaluated and results confirmed that hydrogel promoted antigen uptake by dendritic cells (DCs)
and induced DCs maturation. Moreover, SSH loaded with ovalbumin increased the accumulation of antigens in
lymph nodes. Finally, subcutaneous administration of SSH-based vaccine increased antigen-specific IgG produc-
tion by 12.5-fold compared with the clinically used aluminum, and delayed tumor growth in vivo. Thus, easily
manufactured SSH may serve as a new and powerful antigen delivery platform with immune-stimulating capa-
bilities to promote antitumor immune responses, and has great potential for immunotherapy against different
diseases.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: A-MA, aldehyde mannan NOCC; DC, dendritic cell; OVA, ovalbumin;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; XRD, X-ray diffrac-
tion; GPC, gel permeation chromatography; Alum, Aluminum; OVA-FITC, Fluorescein iso-
thiocyanate labeled ovalbumin; OVA-RBITC, Rhodamin B isothiocyanate labeled
ovalbumin; SEM, scanning electron microscopy; ESR, equilibrium swelling rate; APC,
antigen-presenting cell; ELISA, enzyme-linked immuno sorbent assay.
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1. Introduction

Improving the immunogenicity of subunit vaccines is crucial for
finding new vaccines against varieties of viral and bacterial infections
as well as for designing anticancer vaccines [1-3]. In recent years, vari-
ous adjuvants have been developed to enhance the immunogenicity of
antigens. In compliance with different mechanisms of action, they are
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mainly divided into immunostimulatory agents such as Toll-like recep-
tor agonists [4], STING agonists [5] and etc., and antigen delivery sys-
tems, such as polymeric nanoparticles [6], three-dimensional scaffolds
[7], hydrogels [8] and etc. However, the ideal adjuvant should have a
dual action of immunostimulation and antigen delivery [9]. Although
the majority of adjuvants combination with antigen could activate an
effective immune response compared with free antigens, some obsta-
cles concerning self-immunogenicity, biosafety, and degradability
need to be surmounted [10,11]. Therefore, it remains challenging to de-
velop safer and more efficient vaccine adjuvants that can be founctioned
as both immunostimulatory agents and antigen delivery systems.
Hydrogel is defined as a three-dimensional polymeric network that
can imbibe large amount of water [12]. As a vaccine carrier, hydrogel
can be used to alter the release kinetics of antigens and immunos-
timulatory adjuvants and maintain their native configuration, thereby
improving the effectiveness of these molecules relative to bolus injection
[13]. The large biomolecules loading and controlled release capability as
well as distinct degradation profiles of hydrogels render them promising
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candidates for immunotherapy of cancer. However, the application of
hydrogels in immunotherapy still faces challenges. Hydrogel formation
usually requires certain triggers that do not exist in the vaccination envi-
ronment such as ultraviolet radiation, temperature, enzymes, etc., and
additional ultraviolet light and heating are associated with side effects
[14-16]. In addition, hydrogels are generally used as a delivery vehicle
for antigens or immunostimulatory adjuvants. However, the high cost
and unproven safety hazards of many immunostimulant adjuvants hin-
der their widespread application [17,18]. Thus, in situ injectable
hydrogels without cross-linking initiation conditions, especially those
with adjuvant function, are very promising vaccine adjuvants.

The use of natural polymers, especially polysaccharides to synthe-
size hydrogels has attracted considerable attention from researchers.
Polysaccharides are more stable, biocompatible, and biodegradable in
nature [19]. The biodegradable properties are particularly useful for de-
livering cargos in a controlled manner locally. Many polysaccharides
have chemically active functional groups such as amino, carboxyl and
hydroxyl groups, and these groups can be applied for further
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Fig. 1. Synthesis of A-MA and SSH. (A) Synthesis of A-MA; (B) Schematic illustration of the preparation of SSH by cross-linking A-MA with NOCC.
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modification in the preparation of controlled release carriers [20]. In ad-
dition, monosaccharides, as the monomer units of polysaccharides, have
been pointed out by a large and growing amount of information for
their key roles in cell signal transduction schemes, especially in the
field of immune recognition [21]. Thus, easily modified polysaccharides
with immunological activity make it possible to prepare a hydrogel that
integrates both antigen sustained release ability and self-adjuvant
functions.

Mannan is a natural polysaccharide composed of mannose and glu-
cose [22]. Mannose has been shown to be essential in DCs uptake, pro-
cessing, presentation, thus stimulating downstream immune responses
via the mannose receptor [23-25]. Specifically, peptides chemically
linked to mannan have been shown to induce potent antigen-specific
immunity [26], but complex chemical linkages have limited their fur-
ther application. Physical encapsulation of proteins to mannan-based
hydrogels may be a more convenient and powerful way to elicit strong
immune responses. After oxidation by sodium periodate, mannan can
cross-link with chitosan to form hydrogels [22]. However, the poor sol-
ubility of chitosan in neutral solvents limits its application as an inject-
able hydrogel. To solve this problem, N, O-carboxymethyl chitosan
(NOCC), a water-soluble chitosan derivative, was synthesized via intro-
ducing carboxymethyl groups to the N-position and O-position of chito-
san [27]. Moreover, NOCC has been applied in biomedical field owing to
its non-toxicity, biodegradability and non-immunogenic [27-29]. We
hypothesize hydrogel based on aldehyde mannan (A-MA) and NOCC
could serve as self-adjuvant to maintain antigen release to stimulate
strong antigen specific immune response without additional
immunomodulators.

In this work, a spontaneously formed and self-adjuvanted hydrogel
(SSH) derived from A-MA and NOCC were developed. The gelation of
SSH is attributed to the formation of Schiff base without additional
light sources or any crosslinking initiators. The prepared hydrogel
allowed model antigen ovalbumin (OVA) to be incorporated through
simple mixing, and then its morphology, rheological properties and
degradation were investigated. In addition, we demonstrate the ability
of SSH to serve as both immunostimulatory adjuvant and antigen deliv-
ery vehicle, and assessed antigen-specific immune responses.

2. Results and discussion
2.1. Preparation and characterization of SSH

Vicinal hydroxyl groups in mannan can be oxidized by NalO,4 to form
dialdehyde derivatives (Fig. 1A). The actual oxidation degree was mea-
sured using method of hydroxylamine hydrochloride, and results are
shown in Table S1. The structure of A-MA was confirmed by FTIR. As
shown in Fig. S1A, similar to previous studies [30], we did not detect
the absorption peak of aldehyde group, probably because the hydroxyl
and aldehyde groups formed hemiacetal structures.

The diffractograms of A-MA, NOCC and SSH were presented in
Fig. S1B. A-MA exhibited signs of being amorphous, and no characteris-
tic peaks were detected. As to NOCC, it exhibited one peak at 17.8°.
However, when SSH was formed, two new characteristic diffraction
peaks at 31.9° and 45.6° were observed. This may be explained that
the formation of Schiff base between -NH, of NOCC and -CHO of
A-MA suppresses the crystallization of NOCC. More than that, the peak
intensity of hydrogel decreases with the increase of oxidation degree
of A-MA (Fig. S1C). As is known, hydrogen bonds between hydroxyl
groups and amino groups are key factors to stabilize the crystal struc-
ture of chitosan [22]. It may be explained by that A-MA with higher de-
gree of oxidation will consume more amino in NOCC on account of the
formation of Schiff base, leading to the reduction of hydrogen bonds,
and then changing the crystal structure of NOCC and attenuating the
peak intensity.

The rheological analysis of SSH was monitored by rheometer. To find
a suitable hydrogel for further use, thirty-six hydrogel samples were
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chosen to conduct rheological analysis, and results were displayed in
Table S2. When A-MA (theoretical oxidation degree was 10%) mixed
with NOCC, the gelation time varies with the concentration of A-MA
or NOCC. Meanwhile, there were similar changes in the concentrations
of NOCC or A-MA. Increased A-MA oxidation reduces the gelation time,
making subcutaneous injection difficult. However, when gelation time
becomes longer, the antigen contained may be released rapidly. For
the above reasons, A-MA (20 mg/mL) with theoretical oxidation degree
of 20% and NOCC (20 mg/mL) were chosen to subsequent experiments.
Moderate gelation time (191 s) and G’ make the hydrogel injectable and
release antigen slowly.

Molecular weight of selected A-MA was identified by GPC. Com-
pared with mannan (Mw = 67.0 kDa), A-MA with a molecular weight

A
g 19
o {7
S0.1 : —a—-G'
100004 © | H tgel
ol e
.0 3.5 4.0

Time (min)

=
—

5 10 15 20

Time (min)

Fig. 2. Rheological analysis, SEM assay and optical image of prepared SSH. (A) The storage
modulus (G') and loss modulus (G") of SSH cross-linked with A-MA (20 mg/mL) and NOCC
(20 mg/mL). The crossover time point of G' and G" curves is the time point of mechanical
gel formation (tge); (B) the optical images of A-MA (20 mg/mL), NOCC (20 mg/mL) and
the hydrogel cross-linked with them; (C) SEM image of SSH (scale bar = 100 um).
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of 45.6 kDa had a considerable reduction. Similar to the oxidation of
other polysaccharides [22], the decrease of molecular weight may be
due to the non-specific oxidation cleaving the glycoside bonds in mole-
cules. The selected hydrogel was characterized rheologically to measure
G’ and G”. As shown in Fig. 2A, both of G’ and G” were very low when
A-MA mixed with NOCC, while G” was higher than G’, indicating the
sol state of the system. As time went by, A-MA and NOCC were cross-
linked due to the formation of Schiff base. Both G’ and G” were
increased. Distinctively, G’ increased much faster than G”. Different
increasing rates led to the appearance of gelation time (tg;) when
G’ > G”". Subsequently, G’ was larger than G”, indicating the gel state
of the system.

Fig. 2B shows the paragraph of A-MA (20 mg/mL, w/v), NOCC
(20 mg/mL, w/v) and the formed hydrogel. Before gelation, A-MA and
NOCC are clear and flowable solution, but the system is a semisolid gel
after mixing A-MA and NOCC. A representative SEM image of cross-
section of SSH was presented in Fig. 2C. SSH had a continuous and po-
rous structure according to the SEM image, suggesting that SSH may
have a high permeability for protein or cells.

The equilibrium swelling rate (ESR) of hydrogel was gravimetrically
determined at different pH values of 2, 7.4 and 10, respectively. As
shown in Fig. S2, the ESR of SSH depended on the pH value of the solu-
tion. In case of high pH (pH = 10), the ESR of hydrogel was 29%, which
was 3.5 times higher than that at pH = 2. In neutral or alkaline media,
the carboxyl groups in the NOCC ionized gradually and produced a
large swelling force through the action of electrostatic repulsion. The
carboxyl group forms a hydrogen bond with the hydroxyl group in the
acidic median and the amino groups in NOCC is consumed by the alde-
hyde group in A-MA. Therefore, the protonation of the excess amino
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acid cannot form a large electrostatic repulsion, resulting in a weak
swelling force.

The porosity of the prepared hydrogel was 58.3 + 2.1%, which
reflected the porous structure of the hydrogel. The large porosity was
also consistent with the image observed by SEM.

2.2. Cytotoxicity of A-MA, NOCC and SSH extracts

Cytotoxicity of A-MA, NOCC and SSH extracts was tested on L929
and NIH-3 T3 by MTT assay. As presented in Fig. 3A, the viability of
NIH-3 T3 cells were higher than 80% even after incubation with
2.0 mg/mL NOCC for 48 h, while the cell viability decreased accordingly
with an increase of concentration of A-MA, but that was higher than 60%
even when the concentration was 2.0 mg/mL. The cell activity of L929
was similar to NIH-3 T3 when incubated with A-MA or NOCC
(Fig. 3B). Meanwhile, high cell viability of L929 or NIH-3 T3 cells was
shown when incubated with SSH extracts for 48 h (Fig. 3C). Previous
publications reported the toxic effect of aldehyde content in the oxi-
dized polymer [31]. In the process of our hydrogel formation, aldehyde
groups in A-MA reacted with amino groups in NOCC to form Schiff
bases. Lower levels of exposed aldehyde group may explain the low tox-
icity of SSH extracts. These results suggested our SSH had little toxicity,
and was suitable for immunological application.

2.3. SSH facilitated antigen internalized by DCs in vitro

As key type of antigen presenting cells (APCs), DCs play a unique role
in inducing antigen-specific immune response. The uptake and location
of OVA-FITC loaded SSH by DCs were monitored using flow cytometry
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Fig. 3. Cytotoxicity of A-MA, NOCC and SSH extracts. (A) Cell viability of NIH-3 T3 after incubation with A-MA and NOCC for 48 h; (B) Cell viability of L929 after incubation with A-MA or
NOCC for 48 h; (C) Cell viability of 3 T3 and L929 after incubation with different concentrations of SSH extracts for 48 h.
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and confocal microscope. As shown in Fig. 4A, the percentage of FITC
positive DCs in SSH/OVA group was significantly higher than that of
DCs cultured with OVA-FITC alone after incubation for 2 and 4 h, sug-
gesting that SSH significantly improved antigen uptake. However, the
FITC positive DCs in both groups were few at 4 °C (Fig. 4B), indicating
that OVA was taken up by DCs through endocytosis. Then, the intracel-
lular location of antigens by DCs was detected using confocal micro-
scope (Fig. 4C). We observed that green fluorescent (OVA-FITC)
colocalized with Lyso-Tracker in DCs from both groups within 4 h of in-
cubation, indicating that antigens were taken up by DCs. Our results
confirmed that incorporating antigens into SSH and continuously re-
leasing antigens from which would therefore facilitate the uptake of an-
tigens by DCs.

2.4. SSH promoted DC maturation in vitro

DC maturation also plays an essential role in activation of potent an-
tigen specific immune response. Next, the effect of SSH on DC matura-
tion was evaluated. After treated with SSH/OVA, SSH, Medium and
OVA solution for 24 h, DCs activation and maturation were detected
using flow cytometry. The expression of CD40, CD80 and CD86 co-
stimulatory markers (the expression levels of mature) were signifi-
cantly up-regulated in the presence of SSH or SSH/OVA, while those
makers in the medium or OVA group were similar to that of negative
control group (Fig. 5A, B and C). The initiation and polarization of T
and B cell responses requires the expression of costimulatory molecules.
Unlike traditional hydrogels that require commercial vaccine adjuvants

37 °C
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to stimulate DC maturation, such as CpG-ODN (a toll-like receptor 9 ag-
onist) [32], resiquimod (a toll-like receptor 7/8 agonist) [33] and etc.,
our SSH can be used as a self-adjuvant to up-regulate the expression
of CD40, CD80 and CD86 in DCs. Meanwhile, we found that MHC II pos-
itive DC cells increased significantly after incubating with SSH/OVA
(Fig. 5D). These results highlighted that SSH/OVA can stimulate DCs to
maturation status, and promote DCs present antigen to T cells through
MHC II molecules.

In addition to antigen/MHC complex and co-stimulatory signals,
cytokines secretion by APCs also play an essential role in promoting
the activation of T and B cell immune response. In this study, cyto-
kines secreted by DCs was detected using ELISA kits. As shown in
Fig. 5E, compared to OVA alone, the Th2-type cytokine IL-6 secreted
by DCs was significant increased after SSH/OVA treatment. The secre-
tion of pro-inflammatory IL-13 showed similar result (Fig. 5F). SSH
based vaccine adjuvant might activate DCs in an inflammatory man-
ner. In addition, TNF-a secreted by DCs after SSH/OVA treatment was
1.9-fold higher than that of OVA alone (Fig. 5G). After SSH treatment,
the secretion level of IL-12 also significantly increased (Fig. 5H). IL-
12 and TNF-a can not only promote the expansion of DCs, but also
amplify the function of CD4™" T cells, stabilize the connection be-
tween DCs and CD4™ T cells, and further regulate other immune
cell functions. For instance, they can promote macrophages and NK
cells secrete other cytokines in turn to induce the maturation of
DCs, thus forming a feedback regulation network. SSH could thus
be a self-adjuvant and potentially be applied in the preparation of
vaccines against different diseases.

4 °C
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Fig. 4. The effects of SSH on the cellular uptake and intracellular localization of OVA antigen in mouse immature DCs. DCs were incubated with OVA-FITC and SSH loading OVA-FITC at 37 °C
(A)and 4 °C (B) for 2 or 4 h, the ratio of OVA-FITC positive cells was measured by flow cytometry. (C) OVA-FITC and SSH loading OVA-FITC were incubated with DCs at 37 °C for 4 h, and the
intracellular localization of the antigen was observed by confocal laser scanning microscopy. (*p < 0.05).
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2.5. In vivo degradation and antigen depot effect of SSH BALB/c mice. On gross observation, the gel precursor solution rapidly
formed hydrogel in situ, and then the hydrogel became smaller and
To assess the degradation of SSH, which was a key index for biomate- smaller with time (Fig. 6A). The volume of hydrogel was significantly re-

rials applied in vivo, SSH was subcutaneous injected into the backs of duced on day 10, and only a few were observed on day 60, and eventually
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Fig. 5. Expression of the co-stimulatory molecules and MHC Il on DCs stimulated with SSH. The expression of CD40, CD80, CD86 and MHC Il on DCs were detected by flow cytometry after
incubation with OVA, SSH and SSH/OVA for 24 h. Percentages of CD40™ (A), CD80™ (B), CD86™ (C), MHC I (D) cells were analyzed and the concentration of cytokines in culture
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Fig. 6. In vivo degradation and antigen depot effect of SSH. (A) BALB/c mice were subcutaneous immunized with an injection of the same amount of OVA-FITC in PBS or SSH (n = 3 animals
per condition). Fluorescence images were acquired using an IVIS® Spectrum system. (B) Representative fluorescence images at determined time points for each group. (C) Relative OVA-
FITC remaining in injection sites as a function of time, as based on fluorescent imaging (*p < 0.05, **p < 0.01, ***p < 0.001).

disappeared on day 90. In addition, the histopathologic examination was
performed to assess microscopic changes of the tissue surrounding the in-
jection site. As shown in Fig. S3, there were lots of granulocytes infiltrated
into the injection site at the first 5 days, but it decreased significantly on
the 10th day, and disappeared on day 90 with the degradation of SSH. Be-
sides, there were no hemorrhage or inflammatory exudates observed
throughout the observation period. Mice do not carry any associated en-
zymes to promote subcutaneous enzymatic degradation of mannan,
while hydrolysis under physiological conditions can only occur slowly.
This may be the reason of long degradation time of SSH.

To investigate the release of OVA from SSH in vivo, OVA was labeled
with rhodamin B isothiocyanate (RBITC) and imaged at each time points
using fluorescent imaging. The representative fluorescence images are
shown in Figurer 6B, while Fig. 6C shows the in vivo release curve of
OVA calculated with initial fluorescence intensity as total amount.
Only 33.31 & 3.15% of the initial fluorescence remained one day after in-
jection of bolus OVA (OVA-RBITC in PBS). Meanwhile, the fluorescence
had 78.73 4 3.15% remaining in SSH/OVA group (OVA-RBITC loaded
in SSH). Over this time course, the fluorescence in SSH/OVA group de-
creased slowly, and was still 4.1-fold higher in SSH/OVA than in the
bolus OVA on day 18. These data indicate that SSH might serve as an an-
tigen depot, with extending the in situ release of antigen compared to
release of free antigen in PBS. This sustained release of antigen is
thought to boost the immune response. For example, phospholipids-
based vaccine delivery depot released antigens continuously for nearly
one month, which significantly increased the production of antigen-
specific antibodies [34]. In another report, antigen specific antibody

response induced by a colloidal vesicle based vaccine depot lasted at
least 24 weeks [35]. The vaccine depots can stimulate immune response
through the sustained release of antigens. In our research, the SSH has
the ability to stimulate the maturation of DCs and promote the produc-
tion of cytokines. Therefore, SSH is expected to serve as both an antigen
delivery vehicle and immunostimulatory agent to boost antigen-
specific immune response in vivo.

2.6. SSH increased the accumulation of antigen in lymph nodes

After ingest exogenous antigens, APCs will migrate to lymph nodes
where they interact with T cells, thereby inducing an antigen specific
adaptive immune response. The ability of SSH to efficiently facilitate
the DCs uptake of antigens and maturation prompted us to investigate
the effects of SSH on antigen accumulation in lymph node. As presented
in Fig. 7A, no fluorescence signal was detected in lymph nodes of control
mice after 24 h of injection, while strong fluorescence signals were de-
tected in other groups in both of the proximal and distal lymph nodes.
The fluorescence of the proximal lymph nodes in the SSH/OVA group
was 3.5-fold and 4.4-fold higher than that in the OVA and Alum/OVA
groups, respectively (Fig. 7B). In addition, similar result was found in
the distal lymph nodes (Fig. 7B). After 48 h, the fluorescence signal be-
came weaker in all groups (Fig. 7C). However, the signal at the proximal
lymph nodes in the SSH group was significantly higher than that in the
OVA group (p = 0.0133) (Fig. 7D), and stronger fluorescence signal was
detected at the distal site in SSH/OVA group compared to the Alum/OVA
group (Fig. 7D). Unlike other delivery vehicles that promote antigen
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Fig. 7. The effect of SSH on OVA aggregation in lymph nodes. The proximal and distal lymph nodes were obtained and subjected to fluorescence imaging after injected with different
vaccine formulations for 24 h (A) and 48 h (C). Proximal represents the lymph node near the injection sites. (B, D) The fluorescence intensity of OVA-RBITC for each lymph node.

(*p < 0.05, ***p < 0.001, ns: not significant).

accumulate in lymph nodes by targeting lymph nodes, our SSH may
achieve similar effects by sustainable release and protecting the antigen
from rapid degeneration in the body. These results suggested that SSH
increased the accumulation of antigen in lymph nodes. Long duration
of antigens in lymph nodes provides more possibilities for evoking ef-
fective antigen-specific immune response.

2.7. SSH promoted production of antigen-specific antibodies in mice

Antibody titer is a key parameter for evaluating the efficacy of vaccine.
The vaccine potency tests of OVA-loaded SSH were conducted in mice.
We vaccinated mice with OVA, OVA-absorbed Alum and OVA-loaded
SSH, and performed ELISA analysis on 21, 28, 35 and 42 days after priming
immunization to measure the total IgG against OVA. As shown in Fig. 8A,
IgG titers of SSH group were significantly higher than soluble OVA and
Alum/OVA group on day 21. After one week post second booster immuni-
zation (on day 28), the titers of SSH/OVA group reached the highest value

compared to other groups. At this time point, SSH increased IgG produc-
tion by 2500-fold compared with free OVA group, and 12.5-fold com-
pared with Alum/OVA group. On day 35 and 42, titers of SSH/OVA and
Alum/OVA group were decreasing, but titers induced by SSH/OVA still sig-
nificantly higher than that of other groups.

We also measured subtype IgG1 and IgG2b levels to determine the ef-
fects of each formulation on Th2 and Th1 cell polarization. As shown in
Fig. 8B and C, anti-OVA IgG1 and IgG2b titers were significantly higher
in SSH/OVA compared with free OVA and Alum/OVA. Consistent with
our results on promoting the production of specific cytokines by DCs,
SSH elicited a mixed Th1 and Th2 immune response. Importantly, a bias
to IgG1 titers and lower IgG2b titers was observed in SSH/OVA group
(Fig. 8B and C), which was similar to Alum group that was supposed to in-
duces a strong humoral (Th2-type) immune response. These data indi-
cated that the SSH augmented humoral immune response compared
with free OVA or Alum/OVA, which might be due to its antigen depot ef-
fect and capability to induce DCs activation and maturation.
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Fig. 8. SSH promoted the production of antigen-specific antibodies in humoral immunity. The detection of antigen-specific antibody in each group over time: (A) IgG, (B) IgG1, (C) IgG2b.
The asterisks indicate the difference between the SSH/OVA group and OVA group. *p < 0.05, **p < 0.01; the hashtag symbol indicates that differences between SSH/OVA group and Alum

group. *p < 0.5, #p < 0.5.

2.8. Therapeutic efficacy and safety evaluation of SSH-based vaccines

To determine whether this approach has a therapeutic capability, we
treated B16-OVA tumor bearing mice with SSH vaccine. After three
therapeutic immunizations, the SSH vaccine delayed the average
tumor growth (Fig. S4). In contrast, mice treated with OVA alone or
with Alum/OVA had no effect. These results of antigen depot effects,
long duration of antigens in lymph nodes, improved antigen uptake
and DCs maturation and stronger antibody production highlight the po-
tential of SSH-based vaccines for vaccination strategies. Meanwhile, the
body weight of all monitored groups was consistent with only slight
changes (Fig. S5), suggesting low or acceptable toxicity of SSH. It is
worth noting that aluminum salts are still widely used clinically as vac-
cine adjuvants, but their toxicity and degradability in vivo have
attracted extensive attention. Previous studies have shown that alumi-
num salts are not readily biodegradable in the body and are prone to
side effects such as granulomatous inflammation [36], delayed hyper-
sensitivity [37] and etc. SSH is composed of natural polysaccharides
that have been simply modified, and we have not observed the obvious
toxicity. Nevertheless, we are planning to conduct further safety evalu-
ations of SSH for short-term and long-term in vivo applications.

3. Conclusions
In summary, we reported an injectable SSH with biodegradability

and low toxicity. SSH can be formed spontaneously in situ by Schiff
base without additional crosslinking initiators. Further study

suggested that it efficiently facilitated the uptake of antigen by DCs
and stimulated DCs activation and maturation, released antigen in a
sustained manner, as well as increased the accumulation of antigens
in lymph nodes. Furthermore, OVA-loaded SSH induced stronger
antigen-specific humoral immune response compared with alumi-
num adjuvant. Our results indicate that SSH based vaccines can im-
prove the immune response in mice which is one of the few reports
that hydrogels can be founctioned as both immunostimulatory
agent and antigen delivery system.The simple fabrication procedure
and the ability to evoke effective immune response suggest the po-
tential application of SSH for immunotherapy.
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