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M
ost organisms and biological pro-
ducts are highly heat-sensitive, a
significant obstacle to their more

widespread applications. For example, viruses,
the smallest microbes which have thrived
for billions of years on the Earth, are highly
sensitive to heat. High temperatures de-
stroy viral structures and reduce infectivity;
therefore, viral vaccines and related biolo-
gicals require continuous refrigeration (cold
storage) to maintain their potency.1 Most
vaccines unavoidable lose substantial po-
tency from the time of manufacture to the
point of administration. For example, about
50% of vaccine products are finally dis-
carded due to poor thermal stability.2 On
the other hand, there are still millions of
death caused by infectious diseases that
are preventable with present available
but underused vaccines,3,4 because the re-
gions most affected by the mortality and

morbidity of these infectious diseases are
still lack of extensive and reliable refrigera-
tion and distribution facilities.
Therefore, developing robust vaccines

less dependent on cold chain has the po-
tential to extend vaccination program to the
world's poorest communities. Currently,
enhancing the thermal stability of vaccines
represents an important challenge to im-
proving global health.5 Various natural in-
spired approaches have been developed to
produce thermostable vaccines. With gela-
tin, deuterium oxide, MgCl2, and nonredu-
cing sugars as stabilizers, many stabilized
vaccine formulations in liquid or dry forms
are developed.4,6�8 Through tailoring the
physicochemical properties of viral capsid
by reverse genetics, the thermal stability
of vaccines can also be rationally engi-
neered.9,10 However, these methods either
involve complicated treatment procedures
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ABSTRACT Heat-lability is a key roadblock that strangles the wide-

spread applications of many biological products. In nature, archaeal and

extremophilic organisms utilize amorphous silica as a protective biomineral

and exhibit considerable thermal tolerance. Here we present a bioinspired

approach to generate thermostable virus by introducing an artificial

hydrated silica exterior on individual virion. Similar to thermophiles,

silicified viruses can survive longer at high temperature than their wild-

type relatives. Virus inactivation assays showed that silica hydration exterior

of the modified virus effectively prolonged infectivity of viruses by∼10-fold

at room temperature, achieving a similar result as that obtained by storing native ones at 4 �C. Mechanistic studies indicate that amorphous silica
nanoclusters stabilize the inner virion structure by forming a layer that restricts molecular mobility, acting as physiochemical nanoanchors. Notably, we

further evaluate the potential application of this biomimetic strategy in stabilizing clinically approved vaccine, and the silicified polio vaccine that can

retain 90% potency after the storage at room temperature for 35 days was generated by this biosilicification approach and validated with in vivo

experiments. This approach not only biomimetically connects inorganic material and living virus but also provides an innovative resolution to improve the

thermal stability of biological agents using nanomaterials.
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or moderate thermal stability improvement, and novel
thermal stabilization approaches should be developed.
Organisms that thrived on early Earth include many

thermophilic or even hyperthermophilic species, as the
living conditions then have been characterized as
warmer and more acidic than current conditions due
to the strong influence of hydrothermal activity.11,12

According to fossil records, these ancient thermophiles
were usually encased in silica because the concentra-
tion of silica in the Archean oceans and hydrothermal
fluids was high.11,13 Various modern organisms, ran-
ging fromhot-spring bacteria13 to deep-sea sponges 14

and from lower unicellular diatoms15 to higher multi-
cellular rice plants,16,17 retain their ability for silicifi-
cation, which is used to protect themselves against
environmental aggressions. Silicified phages have
been identified in nature,12 and the silicification has
been suggested to be critical for their preservation and
dispersal.18,19 These phenomena indicate that biosili-
cification may be an evolutionarily conserved biologi-
cal strategy to enhance thermal tolerance. Recently,
silicification has also been used to confer cells cyto-
protective coatings.20,21 The previous studies have
demonstrated that the biosilicification process in or-
ganisms is spatial and temporal controlled by using
organic molecules, such as cationic polypeptides and
polyamines.22�25 Cationic amino residue-rich regions
are commonly present on the capsid surface of viruses,
which could be utilized as the nucleation sites for their
biomimetic silicification. Inspired by these achieve-
ments, we hypothesized that biomimetic silicification
would artificially confer thermal protective silica exter-
ior on viruses.
Using human enterovirus type 71 (EV71, a typical

nonenveloped picornavirus) as a model, we report a
simple strategy to generate heat-tolerant viruses by
introducing a hydrated silica exterior using biomimetic
silicification and also provide mechanistic insight. This
feasible approach can be adapted to the silicified polio
vaccine, which exhibits significantly improved thermal
stability in liquid form and still can be used efficiently
after the storage of more than one month at room
temperature. Our thermal stabilization technology
relies on the good hydration ability of silica exterior,
forming a confined anhydrobiotic nanoenvironment
for virus in which capsid subunits are immobilized and
no chemistry can occur. Our approach suggest that an
advance in biomineralization creates the possibility of
stabilizing living products against the denaturing
effects of heat, thus eliminating their strict depen-
dence on cold storage.

RESULTS

Silica Exterior of Virion Produced by Biomimetic Silicification.
To silicify individual virions, freshly prepared silicic acid
was added to a virus suspension, and the solution pH
was adjusted to mild acidic conditions to initiate the

rapid in situ virus silicification. Under transmission
electron microscopy (TEM) and scanning electron
microscopy (SEM), silica nanoclusters were attached
on the viral surfaces, forming dispersive nanoparticles
with a diameter of about 100 nm (Figure 1A,B and
Supporting Information Figure S1). The inner virion
core of silicified viruses was confirmed by TEM after
negatively staining them with phosphotungstic acid:
the 30 nm virion was surrounded by uneven inor-
ganic exterior (Figure 1C and Supporting Information
Figure S1B). The silica attachment on viral particles was
also indicated by the phenomenon that >95% silicified
EV71 could be separated form solution with normal
speed centrifugation (16 000 g, 5 min; Supporting
Information Figure S1D). Further examination of silici-
fied virus with electron microscopy confirmed that
the introduced inorganic exterior was discontinuous,
which might be composed of numerous silica nano-
clusters deposited around viral particles (Supporting
Information Figure S1). Energy dispersive X-ray (EDX)
diffraction (Figure 1D) and Raman spectroscopy
(Figure 1E) revealed that the deposited silica was in a
hydrated amorphous form, similar to the natural silica
coating in stress-resistant organisms.26,27

Biological Characteristics of Silicified Virus. The intro-
duced discontinuous silica exterior did not affect the
viral infectivity profile. Silicified EV71 (Si-EV71) caused
typical cytopathic effects and exhibited antigenic ex-
pression profiles that were similar to native viruses
according to indirect immunofluorescence assays
(IFA). Results from IFA with EV71 specific antibodies
showed that the viral antigens of Si-EV71 could be
efficiently expressed in host cells, similar to that of
parental EV71 (Figure 2A, green); the cell nucleus is
stained by DAPI (Figure 2A, blue). The silicified viruses
or viral vaccines also exhibited typical viral plaque
morphologies (Figure 2B and Supporting Information
Figure S2A) and proliferation patterns (according to
growth curves in Figure 2C and Supporting Informa-
tion Figure S2B), which were similar to those of non-
silicified viruses, indicating that the biological char-
acteristics of the native virus were retained, which was
the vital for the biomedical usage of silicified virus.

Acquired Thermo-Resistance of Silicified Virus. Silicified
virus exhibited enhanced heat-resistance at elevated
ambient temperatures. Native EV71 exhibited a high
thermal inactivation rate; i.e., approximately 1 log10
PFU titer loss after each 4 days of storage at room
temperature (25 �C) (Figure 3A). The silica hydration
exterior of the modified virus effectively prolonged
infectivity at room temperature (i.e., approximately
1 log10 PFU titer loss of silicified virus after 40 days of
storage), similar to that of the native virus stored at 4 �C
(Figure 3A). Virus inactivation assays at higher tem-
peratures (37 and 42 �C) also showed that silicified
exterior inhibited the rate of loss of infectivity by >6-
and >10-fold, respectively (Figure 3, panels B and C).

A
RTIC

LE



WANG ET AL. VOL. 9 ’ NO. 1 ’ 799–808 ’ 2015

www.acsnano.org

801

Notably, any direct addition of silica nanoparticles or
solution silicate into the virus solutions led to negligible
effects on improving virus thermal stability (Supporting
Information Figure S3), indicating that the in situ silici-
fication rather than the addition of silica is the key to
thermal stability improvement.

To further assess the thermal resistance of viruses
conferred by silica exterior, we examined the differ-
ence of native and silicified viruses in thermally in-
duced conformational changes of viral proteins and
inner RNA release. The remaining EV71 viral particles
adsorbed onto the host cell receptors decreased ra-
pidly under thermal treatment; only less than 10% and
approximately 0.1% viral particles retained their activ-
ity after heating at 42 �C for 24 and 72 h. In contrast,
approximately 70% and 15% of the silicified EV71 viral
particles retained their adsorptive ability over the
same time period, representing an ∼10-fold increase
(Figure 3D). Typically, the dissociation of picornavirus

by heat proceeds through consecutive steps, including
virus swelling, conformational alteration, loosening of
bonds, and RNA release.28,29 To investigate the heat-
induced dissociation of viral capsids, we studied
changes of native and silicified viruses with increas-
ing temperatures using differential scanning micro-
calorimetry (microDSC) and tryptophan fluorescence
emission spectra (indicative of viral conformational
transition). In our microDSC analysis, thermograms of
native and silicified viruses both presented only one
asymmetric ΔCp peak, but the peak temperatures
were approximately 65 and 78 �C, respectively
(Figure 3E). This result implied that the silica hydra-
tion coating increased the temperature and energy
required for conformational changes and denature
of the modified viruses. Accordingly, the trypto-
phan fluorescence emission spectra suggested that
in situ silicified exterior could protect the inner virus
by decreasing virus-solution collisions or internal

Figure 1. Electron microscopy and physicochemical characterization of silicified viruses. (A) Schematic representation of
introducing exterior silica nanoclusters on virus by biomimetic silicification. The cationic amino acid-rich regions of VP1, VP2,
and VP3 (red, green, and blue) act as the nucleation sites for biomimetic silicifcation of virion. (B) A TEM image of Si-EV71 that
demonstrates homogeneous nanoparticles after silicification. (C) TEM images of phosphotungstic acid negatively stained
Si-EV71 and the high contrast area enclosedbydotted line implied the existenceof the silica exterior; the inset depicts Si-EV71
nanoparticle at high magnification. (D) EDX analyses of native and silicified EV71. (E) Raman spectra of native and silicified
EV71. The peak at 966 cm�1 indicates that Si-EV71 contains amorphous silica.
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vibrations of viral proteins (Figure 3F and Supporting
Information Figure S4).

Protection Mechanism of Silica Exterior. The protection
of the inner virion offered by the silica exterior and
their exfoliation during vigorous thermal treatment
was studied using dot-blotting assays. Under native
state, viral surface proteins could be immunologically
detected by EV71-specific antibodies, whereas most

viral proteins of Si-EV71 could not be detected after
in situ silicification treatment due to the formation of
silica exterior (Figure 4A). However, many these pro-
teins could be immunologically detected again after
vigorous thermal treatment (Figure 4A), demonstrat-
ing the protective effect of the hydrated silica ex-
terior and the exfoliation of silica nanoclusters under
violent thermal stress. In addition, the inhibition of

Figure 2. Biological characteristics of native EV71 and silicified EV71 viruses. (A) Indirect immunofluorescence assays (IFA) of
the viruses in Vero cells using an EV71-specific antibody (green fluorescence); the cell nuclei were stained using DAPI (blue
fluorescence). (B) Plaquemorphology test. (C) Growth curves of EV71and Si-EV71 in RDcells (M.O.I. = 0.1;ng 3). The error bars
represent standard deviations.

Figure 3. Acquired thermo-resistant properties of silicified viruses. (A) Thermal inactivation kinetics of EV71 and Si-EV71 at
25, (B) 37, and (C) 42 �C, with the inactivation kinetics of native EV71 at 4 �C as a reference (n g 4). The calculated average
inactivation rate constants for them were shown in the corner. (D) The binding ratios of fresh or thermal treated (42 �C for
24 or 72 h) EV71/Si-EV71 on host cells (n g 3, Student's paired t test, one tailed, **P < 0.01). (E) MicroDSC thermograms
demonstrate that EV71 and Si-EV71 exhibit transitions at approximately 65 and 79 �C, respectively, indicating the thermal
denature of viruses. (F) Heat-induced conformational transition of native EV71 and Si-EV71 viral particles followed by the
variation in tryptophan fluorescence, and the data are plotted as normalized thermal dissociation curves. The error bars
represent standard deviations.
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heat-induced conformational changes by the silica
exterior was confirmed after examining the release of
RNA. The absorbance of native viruses at 260 nm
started to increase following a sigmoidal curve at
50 �C, and the midpoint of hyperchromicity Tm was
approximately 70 �C. However, for silicified viruses, the
absorbance began to increase at 70 �C and exhibited a
Tm of approximately 85 �C (i.e., approximately 15 �C
higher than that of native viruses (Figure 4B)). This
increase in Tm indicates that the exterior silica nano-
clusters can prevent RNA release at high temperatures
(Figure 4C).

The attached silica nanoclusters may prevent viral
protein conformational changes due to the physio-
chemical confinement effects.30 In particular, amor-
phous silica has been shown to confine nearby water
molecules through strong hydrogen bonding.31,32 The
anchored silica nanoclusters are assumed to produce a
structured hydration layer covering the exterior of
virus, thereby effectively decreasing the transfer of
thermal motion from the external aqueous solution
to the virus interior at high temperatures. Combined
thermogravimetric and differential scanning calorime-
try (TGA-DSC) analyses were performed to indicate the
existence of hydration layers by measuring the depen-
dence of sample weight loss on temperature changes
and related heat flow. The native and silicified samples
both displayed apparentweight loss and a correspond-
ing heat adsorption peak at 50�100 �C (Figure 4D),
representing the loss of free water. Most of the water

was lost from the native samples at temperatures of
<100 �C, whereas the silicified viruses exhibited further
specific weight losses (1.5 wt %) and heat adsorption
peaks at ∼170 �C (Figure 4D), indicating the loss of
confined water molecules from the silica hydration
layer. This result suggests that amorphous silicified
nanoclusters and nearby water molecules form an
exterior hydration layer that improves the thermal
stability of the encased viral particle. Taken together,
these results imply that the thermal resistance con-
ferred by silicification can be attributed to the con-
formational stabilization provided by the hydrated
silica exterior, which might protect against thermal
motion and form anchors that fix the structural con-
formation of interacting proteins.

Silicified Vaccine Preserve Efficacy after Long-Term Storage.
We proposed that this silicification strategy inspired
by nature could be developed as a general approach
to stabilize many viral vaccines. With a clinically used
polio vaccine, we explored the possibility of producing
thermostable vaccines with this approach. Polio vac-
cine was biomimetically silicified under silica-rich con-
ditions (Supporting Information Figure S5), and after
modification, its thermal degradation was decreased
about 6-fold (Figure 5A and Supporting Information
Figure S6). The silicified polio vaccines (Si-Polio) can
be stored at room temperature (25 �C) for longer than
35 days with <1 log10 PFU loss of potency, thereby
achieving a similar result as that obtained by storing
native virus at 4 �C (Figure 5A). Groups of BALB/c mice

Figure 4. Mechanisms that cause the thermal stabilization of viruses based on hydrated silica anchors. (A) Dot blotting assays
of native EV71 and Si-EV71, or themafter thermal treatmentwith EV71-specific antibodies. (B) Thermally induced RNA release
from native and silicified viral capsids was probed using UV absorbance at 260 nm. The results are represented as normalized
thermal dissociation curves. (C) TEM images of native and silicified viruses before and after heat treatment. The results reveal
that heating induces a conformational change and RNA release. (D) Combined TGA-DSC analyses of native or silicified EV71
virus powders. The results indicate the confinement of water around the silicified viruses by silica nanoclusters.
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were subcutaneously immunized to confirm the effi-
cacy and thermal stability of the silicified vaccines.
Enzyme-linked immunosorbent assays (ELISA) and
standard plaque reduction neutralization tests (PRNT)
demonstrated that 1 month stored Si-polio (25 �C) still
effectively elicited high levels of sera IgG (Figure 5B)
and neutralization antibodies (Figure 5C) in mice,
similar to those induced by fresh ones. In contrast,
the stored polio vaccine failed to induce a robust
antibody response as expected (Figure 5B,C). Animal
experiments with EV71 and Si-EV71 that had been
stored at 25 �C for 1 month also confirmed that the
silica hydration exterior could effectively preserve
the potency of vaccines to elicit humoral immunity
(Figure 5D,E). Additionally, the ability of these vaccines
to elicit a cellular response was determined by exam-
ining the induced levels of cytokines, including IFN-γ,
IL-2, IL-4, and IL-6, in mice splenocytes.33,34 After
1 month of storage, Si-EV71 induced high frequencies
of cytokine-secreting cells in mice splenocytes (levels
were decreased by <5% in comparison to levels in-
duced by fresh Si-EV71). In contrast, the cytokine levels
induced by the stored native vaccine decreased by
>50% (Figure 5F). In vivo examinations after storing the
viruses at 42 �C provided similar results (Supporting
Information Figure S7). These results demonstrate that
the vaccines can be stored at ambient temperature
after silicification, providing an efficient method to
distribute vaccines without reliable cold storage.
Notably, silica/silicate is considered “Generally Recog-
nized as Safe” by the U.S. Food and Drug Administra-
tion, and the amount of silica used in vaccine injection

(<1 mg) is negligible in comparison with the reported
toxic dose (∼500 mg/kg).35

DISCUSSION

In this study, hydrated silica nanoclusters are artifi-
cially fabricated onto individual virus particles to gen-
erate thermophile-mimicking virus. Together with the
mechanistic analysis, we suggest that biosilicification
represents a natural evolved self-protection strategy of
organisms, and this strategy can be mimicked to pro-
duce thermal protective exterior for heat-liable biolo-
gical products. By adjusting solution pH, the cationic
amino residue-rich regions of capsid surface of EV71
and poliovirus type II (Supporting Information Figure
S8) were utilized as nucleation sites to template the
nonhomogeneous deposition of silica nanoclusters
around virion. Finally, we successfully fabricated a silica
exterior on virus under near-physiological conditions
by taking advantage of these residues as anchoring
sites for silica nanoclusters and concisely tuning the
concentration of silicic acid and reaction pH in virus
solution.
Notably, the discontinuous nature of silica exterior is

of high importance for the preservation of virus in-
fectivity and vaccines potency. Our results revealed
that the introduction of integrated silica shell on virus
at weak alkaline condition (e.g., pH 8.0) would result in
almost complete loss of infectivity, as the disassocia-
tion of viral capsid is totally prohibited by the mineral.
With the introduction of this kind of discontinuous
silica coating with virion nonhomogeneous silicifica-
tion at weak acidic condition, we could take advantage

Figure 5. In vitro and in vivo examinations of the use of silicification to prepare thermostable vaccines. (A) Thermal
inactivation kinetics of nativepolio and Si-Polio at 25 �C; the stability of thepolio vaccine at 4 �C is shownas a reference (ng4).
The calculated average inactivation rate constants for themwere shown in the corner. (B) The poliovirus-specific sera IgG and
(C) neutralization antibody titers of mice immunized with fresh polio and Si-Polio, or with polio and Si-Polio that were stored
for 4 weeks at 25 �C. Antibody titers were determined at 2 and 4 weeks postimmunization (n g 6). (D and E) Animal
experimentswith fresh EV71 andSi-EV71, orwith EV71 andSi-EV71 thatwere stored for 4weeks at 25 �C. (D) The EV71-specific
sera IgG titers, and (E) neutralization antibody titers of immunized mice at 2 and 4 weeks postimmunization (n g 6). (F) The
frequencies of EV71-specific cytokines-secreting splenocytes in immunized mice at 2 weeks postimmunization (n g 3). The
error bars represent standard deviations.
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of the thermal protective role of hydrated silicawithout
severely impairing the inherent biological property
of viruses. This exterior silica nanoclusters are rather
stable under extracellular condition. However, the
silicified viruses could undergo similar uncoating after
the internalization by cells, RNA releasing and replica-
tion process as the native ones (Figure 2 and Support-
ing Information Figure S2). Therefore, hydrated silica
exterior does not hinder the infectivity of virus and the
biosilicified ones share similar replication and growth
pattern with native ones.
Previously, we have proposed and demonstrated

the use of a calcium-based biomineralization strategy
to develop thermostable vaccines.36 Strikingly, silicifi-
cation treatment prolongs the storage period of vac-
cines at room temperature by approximately 10-fold.
This increase compares with the only 3-fold improve-
ment by calcification, indicating the advantage of
silicification over calcification approach for providing
protection against thermal stress. This advantage
might be due to the better hydration ability of silica
than calcium biominerals such as calcium phosphates
and calcium carnbonates. The other attempts have
demonstrated that vaccines can also be stabilized by
the addition of trehalose, MgCl2, and D2O,

8,37 because
the water surrounding vaccines is either confined by
the formation of hydrogenbondswith these stabilizing
agents or is directly lost. Thus, factors promoting
protein degradation, such as chemical reactions and
bond exchanges, are reduced.7,38 Compared with
these other stabilizing agents, silica also exhibits a
favorable H2O confinement effect but may be a supe-
rior agent due to its controllable polymerization prop-
erty. With these properties, kinds of silica formulations
have been developed to improve the performance of
organism in harsh environments, as confined aqueous
microenvironments can be formed around biologicals
to decrease their degradability.39,40 In the present
study, a discontinuous but protective silica hydration
exterior rather than a simple shell structure is fabri-
cated for individual virus at biocompatible conditions.
By forming hydrogen bonds with nearby water mol-
ecules, these discontinuous silica nanoclusters form a

protective hydration exterior, which can maintain
rather constant inner nanoenvironment for viruses to
protect them against destructive factors such as mol-
ecular mobility, pH and ionic strength shift.
With the use of clinically approved polio vaccine as a

model, we further demonstrated the potential applica-
tions of this strategy to produce thermostable vac-
cines. Both in vitro and in vivo experiments demon-
strated that silicified vaccine still could be efficiently
used to elicit humoral and cellular immune response in
mice after 1 month of room temperature storage.
Currently, the high death toll of vaccine-preventable
infectious disease still represents the majority of
deaths in developing regions lacking extensive, reli-
able refrigeration infrastructure due to the poor ther-
mal stability of vaccines.1,3 The current achievement
also means that we may realize the vaccine of “at
pocket for 1 month” in liquid formulation, without
freeze-dry and reconstitution prior to injection. Be-
sides, such fast, cheap approach can easily be adapted
to any other vaccines. For example, virus like particle
vaccines and other biological products can also be
modified with a silica hydration exterior to improve
their thermal stability. In general, the analogous ther-
mal improvement by biomimetic silicification can be
utilized in more vaccines, and this strategy may hold
significant promise for providing a feasible path to
large-scale production of thermostable vaccine.

CONCLUSIONS

We have demonstrated that an artificial silica hydra-
tion exterior could be introduced on individual virus by
biomimetic silicification and this exterior can confer
virus heat-desiccation resistance by creating rather
constant nanoenvironment. This strategy can be de-
veloped as a general approach to prepare thermo-
stable vaccines, thus efficiently decreasing the cost of
vaccine delivery. This study is based on the concept
that an amorphous silica hydration exterior may be
evolved as a protective strategy by living organisms
against thermal stress, and this concept can be biomi-
metically followed to improve the stability of biological
products with nanomaterials.

METHODS
Cells and Viruses. Human rhabdomyosarcoma (RD) cells, baby

hamster kidney (BHK) cells, and African green monkey kidney
(Vero) cells were obtained from the American Type Culture
Collection (ATCC) and were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37 �C and 5% CO2. Human EV71 strain A12 was
isolated from hand, foot, and mouth disease patients, and in
vitro and in vivo characterization demonstrated that the A12
strain was nonvirulent in suckling mice with ideal attenuated
characteristics.41 Human poliovirus Sabin type II OPV strain
(P712 Ch 2ab) was kindly provided by the Chinese National
Institute for Food and Drug Control. All virus stocks were

prepared and titrated in RD cells; the stocks were stored at
�70 �C until use.

Biosilicification Treatments. Silicic acid (30 mM) was prepared
fresh before use as follows: 5.3 μL of sodium silicate (Sigma) was
diluted in 1 mL of PBS (pH 7.4); 20 μL of 1.25 M HCl was then
added to adjust the solution to pH 7.5�8.0. To obtain in situ
silicified viruses, 30 mM silicic acid in PBS and virus solution
(108�109 PFU/mL) were mixed at a ratio of 1:9 and stirred for
5 min. The pH was adjusted to 5.5�6.5 with HCl to initiate
silicification, reacting for 15�30 min. Silicification was termi-
nated by adjusting the pH to 7.0.

Electron Microscopy. Solutions containing viruses were
dropped onto carbon-coated copper TEM grids (400 meshes,
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Agar Scientific). The samples were dried at room temperature
before observation. After negative stainingwith phosphotungs-
tic acid, TEM observations were performed using a JEM-1200EX
instrument (JEOL, Japan). SEM and EDX analyses were con-
ducted using an S-4800 instrument (HITACHI, Japan).

Plaque Assays. RD cells at 90% confluence in 12-well plates
were infected with 333 μL of serially diluted virus particles. After
allowing adsorption for 1 h, the infected cells were washed and
then incubated for 3 days in DMEM supplemented with 2% FBS
and 1% lowmelting point agarose. The infected cells were fixed
with 4% formaldehyde and stained using a crystal violet solu-
tion (1% crystal violet, 0.85% NaCl, and 2% formaldehyde).

Thermal Stability Tests. Native EV71, Si-EV71, Polio, and
Si-Polio were incubated at 4, 25, 37, and 42 �C. The samples
were collected periodically, and infectivities were determined
using plaque assays as previously described.42 The remaining
infectivity percentages are represented on a logarithmic scale
as a function of incubation time; the data represent mean (
standard deviations.

Viral RNA Release-Temperature Curves. The changes in the UV
absorbance of native and silicified EV71 virus solutions at
260 nmweremeasured using a Varian Cary 300 UV�vis spectro-
photometer (Varian) equipped with a computer-operated Pel-
tier temperature control unit. The cell-block was electrically
heated from 25 to 95 �C at a constant rate of 2.5 �C/min, and
changes in the UV absorbance at 260 nm of suspensions of
native and silicified EV71 virus in DMEM solutions were
measured.

Dot Blot Assays. For immunological detection of virus coat
proteins, 106 PFU each of native EV71 and Si-EV71 viruses and of
the same viruses after heat treatment were spotted onto
methane-activated PVDF membranes (Millipore); after the
membranes were air-dried at room temperature, nonspecific
binding sites were blocked using 2% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS). Then, the membranes
were incubated with EV71-specific polyclonal antibodies, fol-
lowed by a horseradish peroxidase (HRP)-conjugated horse
anti-mouse antibody. Both antibodies were diluted in blocking
solution (0.05% BSA).

Indirect Immunofluorescence Assays (IFA). RD cells at 90%�100%
confluence were infected with EV71 or Si-EV71 at the desired
multiplicity of infection (M.O.I.). The infected cells were fixed at
12�24 h postinfection with precooled acetone at �20 �C for
30 min. The infected cells were washed with PBS and then
incubated with polyclonal antibodies against EV71 for 1 h; the
cells were then washed three times with PBS and incubated
with Alexa Fluor 488-conjugated goat anti-mouse IgG second-
ary antibody for 45 min. Fluorescence was detected after PBS
washing. DAPI was then added, and the cells were incubated at
room temperature for 5 min to stain the nuclei.

Growth Curves. Viral growth curves in RD cells were deter-
mined by seeding native EV71, Si-EV71, poliovirus, and Si-Polio
in RD cells at 90%�100% confluence in 24-well plates at the
desired M.O.I. The supernatants were collected at intervals, and
their viral titers were examined using plaque assays.

One-Step Quantitative Real-Time RT-PCR (qRT-PCR). RNA of samples
was extracted with RNA Purelink RNA mini kit (Ambion), and
one-step quantitative real-time RT-PCRwas used to quantify the
amount of viral RNA by using One Step PrimeScript RT-PCR Kit
(Takara) with EV71 specific forward premiers (Fwd, 50-GGCCATT-
TATGTGGGTAACTTTAGA-30 ; Rev, 50-CGGGCAATCGTGTCACAAC-
30) and probe (50 FAM-AAGACAGCTCTCGCGACTTGCTCGTG-
BQH1 30). Absolute quantification of RNA was calculated accord-
ing to the standard curve, which was generated by serially
diluting a RNA solution of determined titer in RNase-free water.

Tryptophan Fluorescence Intensity and Polarization. To monitor
conformational changes, thermal denaturation experiments
were conducted using a Varian Cary Eclipse luminescence
spectrophotometer (Varian) equipped with a computer-oper-
ated Peltier temperature control unit. Native and silicified EV71
viral solutions of the desired concentrations placed in a 2 mm
path length (2� 10mm) cell were irradiated with UV light using
an excitation wavelength of 295 nm. The excitation and emis-
sion slit widths were both 5 nm, and emission spectra were
scanned from 310 to 400 nm. In thermal denaturation

experiments, virus solutions were continuously heated from
25 to 100 �C at a rate of 60 �C/h, and the intrinsic tryptophan
fluorescence at 350 nm was recorded and fitted to a sigmoid
curve.

Differential Scanning Microcalorimetry (microDSC). Virus samples
were concentrated and purified by ultrafiltration using an
Amicon Ultra-15 filter device (30K NMWL). Native and silicified
EV71 virus samples were prepared in DMEM, and measure-
ments were performed using a Microcal MCS instrument
(MicroCal). Experiments were performed under identical condi-
tions, including obtaining thermal equilibrium at 10 �C for
30 min before increasing the heat, scanning temperature of
up to 100 �C, and a scanning rate of 0.5 �C/min. The heat
capacity change with respect to temperature was obtained
based on DSC thermograms of the virions.

Mouse Experiments. Mice experiments were approved and
performed in strict accordance with the guidelines of the
Animal Experiment Committee of Beijing Institute of Microbiol-
ogy and Epidemiology (China). BALB/c mice were sub-
cutaneously immunized with fresh or stored EV71, Si-EV71,
poliovirus, and Si-Polio. The initial viral titers of all samples were
same before storage (200 μL, 5 � 107 PFU/mL). Mice sera were
collected at 2 and 4weeks postinjection, and the serum IgG and
neutralization antibody titers were detected using ELISA and a
microneutralization assay, respectively.

Microneutralization Tests. Mouse serum was serially diluted
(2-fold each time) in DMEM, starting at 1:8. Virus suspensions
(200 μL at 100 PFU) were mixed with 200 μL of diluted sera, and
the mixtures were incubated at 37 �C for 1 h. The mixtures were
then added to 90% confluent RD cells and incubated for 3 days.
The appropriate serum, viruses, and cell controls were included
in the tests. End point titers were calculated according to the
Karber method, as previously described.43

Enzyme-Linked Immunosorbent Assays (ELISAs). EV71/poliovirus
specific serum IgG antibodies were detected using indirect
ELISAs in 96-well flat-bottomed plates (Costar) coated with
EV71/poliovirus, which was diluted 1:100 in 0.1 M carbonate/
bicarbonate buffer (pH 9.6). The plates were coated overnight at
4 �C. After a blocking step with 2% BSA in PBST, the plates were
incubated with serially diluted sera in duplicate wells for 1 h at
37 �C. Peroxidase-conjugated horse anti-mouse IgG diluted in
PBST (1:5000) was then added, and the plates were incubated at
37 �C for 45 min. After this time, TMB substrate was added. The
plates were washed with PBST (pH 7.2) three times after each
reaction. The absorbance of the plates was determined at
492 nm and corrected for background using PBS as control
group sera.

ELISPOT Assays. IFN-γ, IL-2, IL-4, and IL-6 ELISPOT mouse kits
(BD Biosciences) were used according to the manufacturer's
instructions. Briefly, 96-well filtration plates were coated over-
night at 4 �Cwith capturemonoclonal antibody; the plates were
then washed and blocked with RPMI-1640 medium containing
1% L-glutamine and 10% FBS for 2 h at room temperature.
Splenocytes in RPMI-1640 (5� 105 cells/well) were then added,
and EV71 was subsequently added as the stimulation antigen;
the plates were cultured for approximately 20 h at 37 �C and 5%
CO2. After washing steps once with water and three times with
PBST, the plates were incubated with biotinylated detection
antibody at room temperature for 2 h. Then, plates were
incubated with HRP-conjugated streptavidin at room tempera-
ture for 1 h after washing three times with PBST. Spots were
revealed using an AEC substrate reagent kit (BD Bioscience) at
room temperature and counted using an Immunospot Reader
(Cellular Technology).

Statistical Analyses. The statistical significance of antibody
titer differences among different groups was analyzed using
Student's t-test as implemented in SPSS software. The results
with error bars are expressed as means ( standard deviations.
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