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Article history: The suspension stability of aluminum-based adjuvant (Alum) plays an important role in determining the
ReC_EIVEd 1 April 2022 Alum-antigen interaction and vaccine efficacy. Inclusion of excipients has been shown to stabilize anti-
Revised 18 May 2022 gens in vaccine formulations. However, there is no mechanistic study to tune the characteristics of
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Available online 11 July 2022 Alum for improved suspension stability. Herein, a library of self-assembled rice-shaped aluminum oxy-

hydroxide nanoadjuvants i.e., nanorices (NRs), was synthesized through intrinsically controlled crystal-
lization and atomic coupling-mediated aggregations. The NRs exhibited superior suspension stability
in both water and a saline buffer. After adsorbing hepatitis B surface antigen (HBsAg) virus-like particles
Aluminum oxyhydroxide (VLPs), human papillomavirus virus (HPV) VLPs, or bovine serum albumin, NR-antigen complexes exhib-
Surface free energy ited less sedimentation. Further mechanistic study demonstrated that the improved suspension stability
Suspension stability was due to intraparticle aggregations that led to the reduction of the surface free energy. By using HBsAg
in a murine vaccination model, NRs with higher aspect ratios elicited more potent humoral immune
responses. Our study demonstrated that engineered control of particle aggregation provides a novel
material design strategy to improve suspension stability for a diversity of biomedical applications.
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Adjuvant is one of the major components in subunit and certain
inactivated vaccines. Aluminum-based adjuvants (Alum) have
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been widely used in pharmaceutical preparations due to their
capability to induce humoral immunity [1-3]. When suspended
in aqueous solutions for formulation, Alum tend to aggregate spon-
taneously [4,5]. When antigen is adsorbed to Alum, the adjuvant-
antigen complexes are exposed to interfacial stress, which reduces
the adjuvant’s suspension stability, thus further promoting
agglomeration, and resulting in compromised immune stimulating
effects [6]. It is recommended that Alum-adjuvanted vaccines, e.g.,
Prevnar 13®, Cervarix®, Havrix®, need to be homogenized before
administration to avoid unwanted precipitations.

The suspension stability of the Alum-adjuvanted vaccines is
affected by the presence of both adjuvant and antigen [7]. By using
excipients to stabilize the antigen, the suspension and dispersion
of vaccines can be improved [8]. However, the presence of excipi-
ents increases the complexity of the vaccine formulation, and the
process of optimizing the formulation is usually tedious [9]. The
adjuvant in formulation can be considered as inorganic nanoparti-
cles (NPs) [10,11], and many studies have demonstrated that the
intrinsic properties of NPs can affect the suspension stability. Based
on the classical DLVO theory, the higher zeta potential leads to
higher electrostatic repulsion, which could increase the suspension
stability [12]. According to Stokes’ law, the smaller particle size
and suitable rheology can improve the suspension of NPs [13,14].
However, when the local concentration of NPs exceeds the critical
coagulation concentration due to aggregation, they rapidly form
large clusters and then precipitate [15,16]. Strategies including
electrostatic repulsion and steric stabilization [17-19] have been
proposed to improve the suspension state of NPs by adding either
ionic [20] or nonionic stabilizers [21-23]. Nevertheless, stabilizers
could alter the overall properties of NPs and only a very limited
number of surfactants are permitted for use in biopharmaceutical
formulations [24,25]. NPs with superior suspension properties
have been synthesized without stabilizers [26,27]. For example,
2-devinyl-2-(1-hexyloxyethyl) pyrophosphorus compound (HPPH)
nanosuspension was prepared to exhibit a better suspension sta-
bility due to the high zeta potential generated by deprotonation
of the carboxyl group of HPPH molecules [28]. In addition, the for-
mation of Sn0,-TiO, heterojunction via efficient interfacial charge
transfer at particle-particle interface provided a stronger interpar-
ticle charge separation to avoid aggregation [29,30]. We therefore
hypothesize that the intrinsic property of Alum could be engi-
neered to avoid their agglomeration and optimize suspension.

It has been demonstrated that aluminum oxyhydroxide could
be engineered to control their physicochemical properties [31-
40]. In this article, a library of rice-shaped aluminum oxyhydroxide
nanoadjuvants, i.e., nanorices (NRs), with different aspect ratios
was synthesized by the hydrothermal process. The intraparticle
aggregations were formed through controlling the atomic interface
coupling. As a result, engineered aggregation reduced the surface
free energy of NRs and enhanced their suspension stability. After
being formulated with model antigens, e.g., hepatitis B surface
antigen (HBsAg) virus-like particles (VLPs), human papillomavirus
virus (HPV) VLPs, and bovine serum albumin (BSA), the NR-antigen
complexes also exhibited improved suspension stability. In a
mouse model, the NR-adjuvanted HBsAg vaccine induced
enhanced antibody responses. This study provides novel insights
into designing engineered adjuvants with superior suspension sta-
bility, and further ensures improved immunogenicity of vaccines.

2. Experimental section

2.1. Reagents and materials

Aluminum (III) nitrate nonahydrate [Al(NOs)3-9H,0], urea were
purchased from ShengGong (Shanghai, China). Fluorescein isothio-
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cyanate isomer I (FITC) was purchased from Macklin (Shanghai,
China). Lipopolysaccharide (LPS) and J774A.1 cells were purchased
from Sigma (St. Louis, MO). The goat anti-mouse polyclonal sec-
ondary antibodies specific for total IgG, IgG,, and IgG,. were
obtained from Abcam (Cambridge, British). Hepatitis B surface
antigen (HBsAg) was kindly provided by NCPC Genetech Biotech-
nology Co., Ltd. (Shijiazhuang, China). Human papillomavirus
(HPV) VLP type 18 was purchased from Zerun Biotechnology Co.,
Ltd. (Shanghai, China).

2.2. Synthesis of rice-shape aluminum oxyhydroxide nanoadjuvants
(NRs)

In a typical synthesis of NRs, 0.9375 g of aluminum(IIl) nitrate
nonahydrate [AI(NOs)3-9H,0] and 0.3 g of urea were dissolved in
50 mL of deionized water to form a clear solution. After vigorous
stirring for 10 min, the mixture was transferred into two 23-mL
Teflon-lined stainless-steel autoclaves and kept at 180 °C in an
oven for 45 min. Then, the autoclave was cooled in the air. The
fresh precipitate was separated by centrifugation at 10,000 rpm
for 10 min and washed sequentially with ethanol and deionized
water for three cycles. For the NRs (NR 1, NR 2, NR 3 and NR 4),
they were prepared with urea content at 0.30, 0.60, 0.90 and
1.95 g, respectively. For the FITC-labelled NRs, 10 mg of particles
were suspended in 2 mL of dimethylformamide (DMF), then
0.4 pL of aminopropyltriethoxysilane (APTES) was added. After
reacting at 25 °C for 4 h, nanoparticles were washed with DMF
and re-suspended in DMF (1.5 mL). 150 puL of FITC (2 mg/mL in
DMF) was added into the suspension and stirred at 1000 rpm for
30 min. The FITC-labeled nanoparticles were washed with ultra-
pure water for several times and re-suspended in ultrapure water
at 10 mg/mL.

2.3. Characterization of NRs

The NRs were determined by transmission electron microscopy
(TEM, JEOL JEM-1200EX) at an acceleration voltage of 120 kV. The
hydrodynamic sizes and zeta potentials of NRs or NRs-antigen
complexes in water and medium were measured by a dynamic
light scattering instrument (DLS, Brookhaven, 90 plus PALS). The
crystal structures of NRs were determined by a Philips X'pert X-
ray diffraction (XRD, Rigaku D/Max 2400 type X-ray spectrometer)
equipped with Cu Ko radiation (1 = 1.54178 A). Diffractograms
were obtained when 26 increased from 5° to 80°.

2.4. Determined the surface free energy of AIOOH nanoparticles

The determination of surface free energy of AIOOH nanoparti-
cles was based on a maximum particle dispersion (MPD) method
[41]. Briefly, a series of ethanol/water liquids which surface ten-
sions ranging from 22 mj/m? (for pure ethanol) to 72 mJ/m? (for
pure water). AIOOHs were dispersed in different suspending liq-
uids with the concentration of 1.0 mg/mL. After centrifugation at
2348 g for 4 min, the supernatants were collected and the absor-
bance at 400 nm was determined. The surface free energy was
determined to be equal to the surface tension of the suspending
liquids in which the AIOOH nanoparticles were dispersed
maximumly.

2.5. Determination of adsorption of antigen by AIOOH nanoparticles

10 mM of MOPS buffer was prepared, and the pH of the buffer
was adjusted to 7.4 with 0.1 M of NaOH. 0.5 mL of HBV protein
working solution (50-200 pg/mL) and 0.5 mL of nanoparticle sus-
pension in a desired concentration (150 pg Al/mL) were mixed in a
microcentrifuge tube. The samples were allowed to equilibrate
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with agitation for 30 min. The concentration of protein in the
supernatant was measured by the micro bicinchoninic acid (BCA)
protein assay kit (Oregon, USA). The Langmuir equation was used
to describe adsorption in which the solute was adsorbed to form
a monolayer. The Langmuir equations were fitted for the adsorp-
tion of HBV according to method described previously [42].

2.6. Animal vaccination

6-week female BALB/c mice were purchased from Dalian Med-
ical University. Animals were housed under specific pathogen-free
(SPF) conditions according to Dalian University of Technology
guidelines for care and treatment of laboratory animals. Dalian
University of Technology Animal Research Committee allowed
our protocols. Before vaccination, HBsAg was pre-adsorbed to
AlOOH nanorices in 0.9% saline buffer. Formulated vaccines, con-
taining 2 pg of HBsAg and 111.10 pg of AIOOH in a total volume
of 50 pL, were immunized mouse by muscle injection on day 0
and 21. The HBsAg immunized mice were used as control samples.
The serum of vaccinated mice was collected on day 42, and the
HBsAg-specific antibody titers were determined by ELISA. Briefly,
ELISA plate was coated with 2 pg/mL of HBsAg in 50 mM of carbon-
ate buffer (pH 9.6) at 4 °C for 12 h. The unbound antigen was
removed by using wash buffer (0.05% Tween 20 in PBS). Then the
plate was blocked with 10% (v/v) FBS in PBS. A series of different
dilutions of serum were added to the plate and incubated at
37 °C for 2 h. Then the plate was treated with 100 uL of HRP-
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conjugated antibody (diluted 1:10,000) for 2 h. After the plate
was washed by wash buffer, 100 pL/well of TMB substrate was
added and incubated for 10 min. Finally, the enzymatic reaction
was stopped by adding 50 pL/well of 1 M H,SO,4, and the OD
450 nm was measured. The endpoint titers were calculated as
the maximum dilution multiple of the last dilution reaching a
cut-off value, which was set to twice the mean optical density of
a negative control [43,44].

2.7. Statistical analysis

All experiments were performed in triplicate, and the values
were expressed as means + SD. Two-tailed Student’s t-test was
used to determine statistical significance for the difference
between two sets of data.

3. Results and discussion

3.1. Synthesis and characterization of aluminum oxyhydroxide
nanorice

A library of aluminum oxyhydroxide (AIOOH) nanoparticles
was prepared using a hydrothermal method by controlling the
molar ratio of Al(NO3)3-9H,0 (Al) to urea. Transmission electron
microscopy (TEM) analysis showed that these particles all exhib-
ited a rice shape (Fig. 1a). The aspect ratio of NRs was regulated
by Al to urea ratio. With the increase of urea, the length of NRs
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Fig. 1. (a) TEM analysis of NRs. Scale bar = 500 nm. (b) XRD analysis of NRs.

Table 1
Characterizations of NRs and Alhydrogel®.

Sample ID Length Diameter  Aspect Hydrodynamic sizes in Poly- Zeta potentials in Surface hydroxyl Specific surface
(nm) (nm) ratio water (nm) dispersity water (mV) content (mmol/g) area (m?/g)
index
NR 1 528 £22 147 +07 3511024 275.65+2.93 0.14 £ 0.03 50.31 + 1.68 0.062 59.54
NR 2 609 +£28 165+ 11 3.72+042 26795+ 1.72 0.17 £ 0.07 48.35 + 1.36 0.055 85.66
NR 3 754 +43 175+19 437 +0.60 268.97 +8.55 0.16 £ 0.04 49.92 + 1.11 0.043 118.73
NR 4 780+36 160+15 4.93+0.71 273.25+1.93 0.15 £ 0.04 4743 + 1.04 0.035 120.91
Alhydrogel® 45+9 7+1 6.01 £0.92 258.83 +4.95 0.23 £ 0.01 21.84+1.72 N.D. 289.68

N.D. not detected.
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Fig. 2. (a) The formation mechanism of NRs. (b) High resolution Transmission Electron Microscopy (HRTEM) analysis of NR 1. The scale bars are 100 nm (left panel) and 2 nm
(right panel), respectively. The corresponding (0 0 1) inter-planar spacing was measured as 0.366 nm.

was increased. The primary sizes of NR 1, NR 2, NR 3 and NR 4 were
528 nm, 609 nm, 754 nm and 780 nm, respectively (Table 1). Their
hydrodynamic sizes were in the range of 200-300 nm, and zeta
potentials were around 50 mV in water. As a control adjuvant,
Alhydrogel® exhibited a hydrodynamic size of 259 nm and zeta
potential of 22 mV in water. XRD analysis demonstrated that NRs
with different lengths presented typical AIOOH peaks (Fig. 1b).
Hydroxyl titration showed that there was no significant difference
in the amount of hydroxyl on the surface of NRs (Figure S1 and
Table 1). In contrast, BET analysis showed that their specific surface
area gradually increased from 59.54 m?/g to 120.91 m?/g for NR 1
to NR 4 (Table 1).

The formation mechanism of rice-shaped NRs was further
explored. At the beginning of the reaction, the initial pH was 3.4,
the monomer aluminum was condensed into dimer or trimer alu-
minum (SI eq. 1 and Table 1). The urea was hydrolyzed to carbon
dioxide and ammonia at a temperature above 90 °C, thus the pH
increased rapidly to promote rapid formation of aluminum hydrox-
ide precursors (Sl eq. 2 and 3) [45,46]. After the rapid increase of pH,
urea entered the slow-release process, in which it was continuously
hydrolyzed to ensure the stable pH of the reaction system [47,48]. As
the reaction proceeded until the pH was above 5, the aluminum
hydroxide precursors underwent crystallization, and metastable
AlOOH nanocrystals were formed (Sl eq. 4) [49]. Due to the continu-
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ous hydrolysis of urea, the pH value was increased to above 7. The
isoelectric point of AIDOH NPs is 9.7 [50], thus they exhibit positive
charges under weak alkaline reaction conditions, and nitrates (NO3)
could be electrostatically adsorbed on the surface of AIOOH [51].
When NO3 were adsorbed onto hydroxyl-containing AIOOH sur-
faces such as (0 1 0) and (0 0 1), they inhibited the growth of these
surfaces, which led to preferential growth of AIOOH along the direc-
tion of (1 0 0) [52]. Supersaturated metastable AIOOH nanocrystals
were self-assembled into rice-shaped crystal aggregations due to
this directional adsorption of NO3 and the Ostwald ripening process,
thereby minimizing the surface free energy of the NPs by surface
relaxation (SI eq. 5 and Fig. 2) [53-56]. The number of metastable
particles was further increased due to the hydrolysis of more urea,
leading to the increase of length of the NRs. The diameter of NRs
remained consistent with the increase of urea-to-Al ratio during
the reaction, thus further suggesting the directional growth
(Table 1). The high-resolution transmission electron microscope
(HRTEM)image demonstrated the occurrence of lattice fringes along
particles’ longitudinal direction. The corresponding inter-planar
spacing was 0.366 nm that was similar with that of the (0 0 1) plane
(0.369 nm) [57]. It further confirmed the orientated growth of NRs
(Fig. 2b).

The crystallization and aggregation process through the interac-
tion with interfacing atoms could promote the formation of NR
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Fig. 3. Determination of the surface free energy of (a) NR 1, (b) NR 2, (c) NR 3, (d) NR 4, and (e) Alhydrogel® using the maximum particle dispersion (MPD) method. The optical
density at 400 nm (OD 400 nm) as a function of the surface tension of the probing liquids.

Table 2

Surface free energy of NRs, disassembled NR 1 (d-
NR 1), disassembled NR 4 (d-NR 4) and a commer-
cially available adjuvant Alhydrogel®.

Sample ID Surface free energy (mj/m?)
NR 1 30.87 £ 3.07
NR 2 34.83 £ 2.65
NR 3 31.77 £ 2.03
NR 4 32.87 £ 1.55
d-NR 1 46.17 + 0.85
d-NR 4 42.40 + 0.94
Alhydrogel® 55.08 + 3.37

aggregates to reduce the excess Gibbs free energy, and further min-
imize their surface free energy [58,59]. The surface free energy of
NRs was determined using a maximum particle dispersion method
in which the surface free energy of particles corresponds to the sur-
face tension of probing liquid at which the particles show a maxi-
mum optical absorbance [41,60,61]. It was shown that the surface
free energy of NRs (30-35 mJ/m?) was significantly lower than that
of Alhydrogel® (55.08 mJ/m?), a commercially available adjuvant
(Fig. 3 and Table 2). Furthermore, NR 1 and NR 4 were partially dis-
assembled by probe sonication. TEM analysis showed that fragments
of NRs were presenting (Figure S2a), and zeta potential measure-
ments indicated that this disassemble process did not change their
zeta potentials (Table S1). As a result, surface free energies of disas-
sembled NR 1 (d-NR 1) and NR 4 (d-NR 4) were increased to 46.17
and 42.40 mJ/m?, respectively (Figure S2b-c and Table 2). These
results further confirmed that the assembled aggregation reduced
the excess energy of the nanoparticles.

3.2. Assessment of suspension stability of AIOOH NRs and AIOOHs
NRs-antigen complexes

In order to determine their agglomeration characteristics, NRs
with different aspect ratios were dispersed in water, and their
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suspension stability indexes were measured [62,63]. NRs exhibited
superior stability, and their indexes maintained above 95% within
12 h. In contrast, the suspension stability of Alhydrogel® decreased
to 85% at 12 h (Fig. 4a). The snapshots of adjuvant aqueous solu-
tions showed that there was no obvious solid precipitation for
NRs even at day 7. In contrast, the upper section of the Alhydrogel®
suspension was completely clear and transparent (Figure S3). The
suspensions of NRs were further examined in a NaCl buffer
(30 mM). The indexes of NRs remained unchanged for 12 h, while
that of Alhydrogel® decreased to 10% at 1 h (Fig. 4b). This result
suggested that the higher surface free energy of Alhydrogel® led
to the formation chaotic agglomerations. In contrast, the aggrega-
tion of NRs formed by atomic coupling provided lower surface free
energy, which enabled better suspension stability [64,65]. Addi-
tionally, based on DLVO theory, the higher positive zeta potentials
of NRs was another factor that may contribute to the improved
suspension (Table 1) [66]. Furthermore, the suspension indexes
of disassembled NR 1 (d-NR 1) and NR 4 (d-NR 4) were reduced
to 85% and 75%, respectively (Figure S4 and Table 2). Analysis of
rose bengal and nile blue partitioning onto the particle surfaces
demonstrated that NR 1 and disassembled NR 1 (d-NR 1) exhibited
similar hydrophilicity (Figure S5). It further suggests that the sur-
face free energy plays an important role in mediating the suspen-
sion stability.

The suspension stability of NR-antigen complexes was further
assessed. Hepatitis B surface antigen (HBsAg) virus-like particles
(VLPs), human papillomavirus virus (HPV) VLPs, and bovine serum
albumin (BSA) were selected as model antigens. It was shown that
NR-antigen complexes exhibited superior suspension stability than
that of Alhydrogel®-antigen (Fig. 4c-e). For NR-HBsAg VLP com-
plexes, their indexes were slowly declined to 29%, 50%, 83% and
88% for NR 1, NR 2, NR 3 and NR 4, respectively (Fig. 4c). For NRs-
HPV VLPs, their indexes were 21%, 21%, 21% and 40%, respectively.
For NR-BSA model, their stability indexes were all above 84%. When
antigens were adsorbed by NR 4, the complexes exhibited better sta-
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bility than that of NR 1-antigen. Considering the fact that after
absorbing the same amount of antigens, NR 4 with larger surface
area could have more exposed surface area, maintaining the charac-
teristics of lower surface free energy. It is worth noting that after
adsorption of antigens, NR-antigen exhibited reduced stability,
which could be related to the increased particle sizes and the
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decreased surface zeta potentials (Table S2) [67,68]. In contrast,
the indexes of Alhydrogel®-HBsAg VLP, Alhydrogel®-HPV and
Alhydrogel®-BSA were rapidly decreased to 6%, 6% and 24%, respec-
tively. Taken together, our designed synthesis of aggregated NRs
exhibited reduced surface free energy, thus leading to superior sus-
pension stability even after antigen adsorption.
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3.3. AIOOH NRs induced enhanced humoral immune responses

Considering the superior suspension stability of the AIOOH-
antigen complexes, NR 1 and NR 4 were chosen to assess their adju-
vanticity in vivo. HBsAg was selected as the model antigen to evalu-
ate the ability of NRs to exert the adjuvanticity. Alhydrogel® was
used as a control adjuvant. Their endotoxin levels were below 0.5
EU/mL, eliminating the endotoxin contamination (Figure S6). HBsAg
was pre-adsorbed on NRs before vaccination, and the adsorption
study demonstrated that there was no significant difference on the
adsorption capacity between NR 1 and NR 4 (Figure S7 and
Table S3). Vaccine formulations, with or without NRs, were immu-
nized intramuscularly (i.m.) to mice on day 0 and 21. Serum was col-
lected on day 42 to determine the antigen-specific antibody titers
(Fig. 5a). The serum biochemical analysis showed that there was
no significant change in biomarkers for systematic toxicity
(Table S4). NRs induced significantly higher levels of HBsAg-
specific total IgG, showing the robust capability to elicit humoral
immune responses. The IgG titers of HBsAg/NR 1-adjuvanted and
HBsAg/NR 4-adjvuanted mice reached 2.2 x 10° and 3.3 x 107,
which were 3.1 and 4.8 folds higher than that of mice immunized
with HBsAg, respectively. In addition, the HBsAg-specific IgG, titers
showed the similar trend, with the titers of HBsAg/NR 1 and HBsAg/
NR 4 being 13.3 and 26.7 folds higher than that of HBsAg-immunized
mice, respectively. It should be noted that NRs with higher aspect
ratio exhibited better adjuvanticity and induced comparable levels
of HBsAg specific IgG and IgG; titers with that of Alhydrogel®-
adjuvanted mice (Fig. 5b and 5c¢). HBsAg/NR 1 and HBsAg/NR 4
induced higher IgG,. titers compared with HBsAg/Alhydrogel® (Fig-
ure S8a), however, the ratios of [gG,./IgG; induced by NRs and Alhy-
drogel® did not show significant difference compared with the one
by HBsAg group (Figure S8b). Additionally, splenocytes from vacci-
nated mice were stimulated with HBsAg ex vivo, neither NRs nor
Alhydrogel® induced significant IFN-y productions (Figure S8c),
which further suggested that NRs only induced Th-2 type response.

Furthermore, the potential mechanism for the better adjuvant
effect of NR 4 was explored. The degree of dispersion for NR 4
was better than that of NR 1 (Table S5), and higher suspension sta-
bility could improve the degree of dispersion to increase the level
of uptake by cells [69-71]. Cytotoxicity analysis showed that NRs
did not exhibit cytotoxicity in J774A.1 cells (Figure S9). Cellular
uptake study by quantitative flow cytometry analysis showed that
J774A.1 cells took up a significant higher amount of FITC-labeled
NR 4 than NR 1 (Fig. 6a), which was further verified by the confocal
microscopy showing more intracellular NR4 (Fig. 6b). Enhanced
cellular uptake could lead to more efficiently trigger the release
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of downstream cytokines [72], which further promoted the
enhanced adaptive immune responses [73]. When splenocytes
from vaccinated mice were stimulated with HBsAg ex vivo, cells
from NR 4-adjuvanted mice induced a significantly higher IL-6 pro-
duction, which was agreed with the in vitro BMDC cytokine pro-
duction profile (Fig. 6¢c and S10). IL-6 is a Th2-type cytokine,
which plays an important role in mediating antibody responses
by Alum [74,75]. Thus, NR 4’s abilities to enhance adjuvant uptake
and induce higher IL-6 production were correlated with their effi-
ciency of mediating antigen-specific antibody productions [76].
Taken together, these data indicated that NRs with better suspen-
sion stability could act as effective adjuvants to enhance humoral
immune responses.

4. Conclusions

To conclude, we have designed a library of rice-shaped AIOOH
nanoadjuvants. The intrinsic reduction of surface free energy was
achieved through controlled intraparticle aggregations in crystal-
lization and growth processes. When NRs were formulated with
model antigens, e.g., HBsAg, HPV and BSA, the NR-antigen com-
plexes exhibited superior suspension stability. Compared with
using excipient [8 77-79], this intrinsic control of surface free
energy provides higher safety and efficacy for the formulation of
vaccine. In a mouse HBsAg immunization model, NRs with higher
aspect ratio also exhibited better adjuvanticity with enhanced
humoral immune responses. The synthesis of self-assemble NRs
with low surface free energy improves the suspension stability of
vaccines. Results from our study can be translated to improve
the suspension stability of nanomaterials in other biomedical
applications.
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