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Abstract
Aim: This study aimed to develop a novel influenza A vaccine by conjugating the highly
conserved extracellular region of the matrix 2 protein (M2e) of influenza A virus to gold
nanoparticles (AuNPs) and to test the vaccine in a mouse influenza challenge model.

Materials & methods: Citrate-reduced AuNPs (diameter: 12 nm) were synthesized, and
characterized by transmission electron microscopy and dynamic light scattering. M2e was
conjugated to AuNPs through thiol–gold interactions to form M2e–AuNP conjugates. Particle
stability was confirmed by UV–visible spectra, and M2e conjugation was further characterized by
x-ray photoelectron spectroscopy. Mice were immunized with M2e–AuNPs with or without CpG
(cytosine-guanine rich oligonucleotide) as an adjuvant with appropriate control groups. Sera was
collected and M2e-specific immunoglobulin (IgG) was measured, and immunized mice were
challenged with PR8-H1N1 influenza virus.

Results: M2e-capped AuNPs could be lyophilized and stably resuspended in water. Intranasal
vaccination of mice with M2e–AuNP conjugates induced M2e-specific IgG serum antibodies,
which significantly increased upon addition of soluble CpG as adjuvant. Upon challenge with
lethal PR8, mice vaccinated with M2e-AuNP conjugates were only partially protected, while mice
that received soluble CpG as adjuvant in addition to M2e–AuNP were fully protected.

Conclusion: Overall, this study demonstrates the potential of using the M2e–AuNP conjugates
with CpG as an adjuvant as a platform for developing an influenza A vaccine.
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Influenza, one of the main viral diseases, continues to devastate human lives each year.
Influenza virus is contagious and spreads through the respiratory tract, including the nose,
throat and bronchi, and can produce pandemics due to its rapid transmission. Three
pandemics have already resulted from influenza outbreaks in the 20th century. The first was
the 1918 Spanish influenza, which resulted in an estimated 50 million deaths worldwide and
is perhaps the most fatal event recorded in human history [1]. The other two influenza
pandemics followed in 1957 and 1968, each producing approximately 1 million deaths
worldwide [1]. Furthermore, seasonal influenza epidemics result in an estimated 23,607
deaths in the USA [2] and up to 0.5 million deaths worldwide [101].

Influenza A virus expresses two dominant membrane proteins, the hemagglutinin (HA) and
neuraminidase (NA). HA allows the virus to infect cells through interaction with sialic acid
residues on receptors and NA enables the virus buds to escape from infected cells to spread
infection [3]. Current commercial influenza A vaccines use inactivated split influenza
viruses as antigens. Neutralizing antibodies against HA are believed to provide the
protective immunity. However, owing to mutations in HA and NA, antigenic drift occurs
over time in influenza A virus, resulting in new strains of virus that are not recognized by
pre-existing antibodies in humans. Consequently, the influenza vaccine has to be modified
constantly to follow the antigenic drift of the virus. Less frequently, a major re-assortment in
HA and NA genes can occur, resulting in a completely new subtype of influenza A virus that
does not naturally circulate in human populations. Such drifts often result in virulent
influenza strains that have the potential to cause pandemics. It is, therefore, critical that more
universal vaccination strategies are developed against influenza A that can protect against all
influenza A subtypes, irrespective of the inherent instability and high mutation rates that
exist in the influenza genome.

Unlike HA and NA, the matrix 2 protein (M2) present on influenza virus is a remarkably
conserved integral membrane protein of 97 amino acids [4]. The 23-amino acid-long
extracellular region of M2 (M2e) is considered one of the most promising antigens for
developing an effective universal influenza vaccine. However, a major challenge in
developing a vaccine based on M2e is that M2 naturally occurs in very small quantities on
virus surfaces (~16–20 molecules per virion) [5,6] and is poorly immunogenic. However, it
has been found that by conjugating M2e to appropriate larger antigen carriers, the
immunogenicity of the M2e peptide can be significantly improved and M2e-specific
immune responses capable of protecting mice against a lethal influenza A challenge can be
induced. In the study by Neirynck et al., fusion of M2e to the hepatitis B virus core protein
with incomplete Freund’s adjuvant provided 90–100% protection against a lethal virus
challenge [7]. Other antigen carriers such as keyhole limpet hemocyanin [8], human
papilloma virus [9], bacteria [10,11], liposomes [12], virus-like particles [13] and flagellin
[14] have been tested. In another strategy, M2e has been developed as a dendrimer
containing multiple branched copies of M2e [15,16]. However, many of these studies have
used potent yet potentially toxic adjuvants, including derivatives of cholera toxins or heat
labile endotoxin, saponin QS21, keyhole limpet hemocyanin and Freund’s adjuvant
[8,10,17,18]. Thus, there continues to be a strong need for developing alternative and novel
vaccine delivery platforms that can present influenza M2e at a high density and can
potentially be delivered through the mucosal route, since many studies have demonstrated
that intranasal delivery of M2e-based vaccines induces better protection against influenza A
virus than the parenteral route [19,20].

Gold nanoparticles (AuNPs) have attracted much research interest in the medical field.
Recently, they have also been investigated as antigen carriers [21-26]. The major attractive
features of AuNPs as antigen carriers are: the AuNP carrier is inert and does not cause a
competing carrier-directed antibody response like other biological carriers, such as hepatitis
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B virus core; the size of AuNPs can be easily changed to mimic virions of different types
[27,28]; antigens can be presented in high densities on AuNP surfaces to increase their
interaction with antigen-presenting cells [29,30]; peptide–AuNP conjugates have been found
to be internalized by macrophages resulting in their activation, thus suggesting an adjuvant
activity of AuNPs [31]; AuNPs can be produced on a large scale with tight control over
nanoparticle sizes [32]; AuNPs can be readily conjugated with peptides by simple mixing
with thiol-terminated peptides [33], thus offering a highly flexible and customizable
approach to designing AuNP-based vaccines; and AuNP–Peptide conjugates can potentially
be lyophilized to produce stable formulations for stock piling at ambient temperatures [34].
It has been suggested that AuNPs in the range of 8–17 nm induce a strong antibody response
with low cytotoxicity [21,35]. Accordingly, we sought to make AuNPs in this size range and
investigate their potential use as an antigen carrier for an influenza vaccine.

This study presents the first use of AuNPs as an antigen carrier of M2e. To allow attachment
of M2e peptide on the surface of AuNPs through the thiol group, a cysteine was added to the
‘C’ terminal of M2e (to maintain natural orientation of M2e after conjugation). The
consensus human influenza virus M2e sequence contains two cysteines at positions 17 and
19 [7]. To avoid crosslinking and aggregation of AuNPs due to multiple thiol groups in a
molecule, the two naturally occurring cysteines were replaced by serines. It has been shown
that this substitution does not affect the immunogenicity of M2e [14,36]. Intranasal mucosal
vaccination is more convenient than intramuscular vaccination and can offer potential
benefits in stimulating mucosal immunity. CpG–oligodeoxynucleotide (ODN), which is a
synthetic ODN containing unmethylated CpG motifs, has been extensively used as a
mucosal adjuvant that can effectively stimulate Th1-biased cytokines and a high level of
IgG2a antibody [37-40]. Therefore, in this study, our goal was to develop a M2e–AuNP
conjugate and test its protective ability against influenza A virus in a mouse challenge
model, and to determine whether addition of a soluble form of CpG as an adjuvant could
further improve the immune response.

Materials & methods
Chemicals

Gold(III) chloride trihydrate (520918-5G), trisodium citratedihydrate (S1804-500G),
phosphate–citrate buffer tablet (P4809-50TAB) and gold etchant standard KI and I2
(651818-500ML) were purchased from Sigma-Aldrich (MO, USA). Sodium chloride
(BDH0286-500G) and Tween® 20 (BP337-100), were purchased from Fisher Scientific
(PA, USA). O-phenylenediamine (OPD; 00–2003) was obtained from Invitrogen (NY,
USA). Milli-Q (Millipore, MA, USA) water with a resistance of 18.2 MΩ·cm was used in all
the experiments.

Peptides, antibodies & oligonucleotides
M2e (acetylated-SLLTEVETPIRNEWGSRSNDSSDC-amidated; molecular weight: 2736
Da) was chemically synthesized by AAPPTec, LLC, KY, USA. ODN 1826 VacciGrade
(CpG ODN, type B murine-TLR9 agonist) was purchased from InvivoGen (CA, USA).
Avian Influenza A M2 antibody was obtained from ProSci, Inc. (CA, USA). All other
secondary antibodies were purchased from Southern Biotech (AL, USA).

Fabrication & characterization of AuNPs
AuNPs with a diameter of 12 nm were synthesized by the Turkevich method [41,42] of
reduction of gold(III) chloride trihydrate (HAuCl4·3H2O) with trisodium citrate dihydrate
(Na3C6H5O7.2H2O). A total of 300 ml of 1-mM gold(III) chloride trihydrate solution was
brought to boil under vigorous stirring. Then 30 ml of 40-mM trisodium citrate dehydrate
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was added into the boiling solution. After 15 min of reaction the solution turned reddish and
the reaction was stopped. Upon completion of reaction, 250 ml of AuNP suspension was
obtained due to loss of water during boiling. The size of AuNPs was confirmed by using a
transmission electron microscope and dynamic light scattering (DLS). Transmission electron
micrographs (TEMs) were obtained on a Hitachi (MI, USA) H-8100 transmission electron
microscope. TEM samples were prepared by evaporating one drop of AuNP suspension on a
300 mesh copper grid coated with carbon film. Size distribution was investigated by DLS
(Zetatrac, Microtrac Inc., PA, USA). UV-visible (vis) absorbance spectra were recorded at
room temperature with Cary 300 UV-vis spectrophotometer (Agilent Technologies, Inc.,
CA, USA).

Conjugating peptides to AuNPs
Tween 20 (0.1%) was added into AuNP suspension to improve the stability of AuNPs. Then
1 ml (0.0225 nmol/ml) AuNP suspension was centrifuged down at 17,000 g for 25 min at
4°C. The pellet containing AuNPs (88 µl) was collected by removing the excess supernatant
(912 µl). To achieve M2e conjugation, 12 µl of 1-mM M2e in water (equivalent to 32.8 µg
of M2e) was added to 88 µl of the AuNP suspension (0.0225 nmol of AuNPs), resulting in
approximately 500 M excess of M2e. The addition was performed dropwise and the mixture
was allowed to equilibrate overnight at 4°C to obtain 100 µl of the vaccine formulation. This
formulation allowed immunization of four mice (25 µl containing 8.2 µg of M2e per mouse).
M2e–AuNP conjugation was confirmed by measuring the shift in absorbance wavelength
and the stability of the conjugate was assessed by adding 1% sodium chloride [43]. The
stability test also included measurement of the wavelength of the M2e–AuNP conjugate
after lyophilization.

X-ray photoelectron spectroscopy of M2e–AuNPs
An x-ray photoelectron spectroscopy (XPS) analysis of M2e–AuNPs was performed using
PHI 5000 VersaProbe II Scanning Microprobe with the PHI MultiPak® Version 9.3 software
(Physical Electronics Inc., MN, USA). All spectra were acquired with a monochromatic
aluminum x-ray source (hν = 1486.6 eV), a 100 μm spot size in point mode, both electron
and ion neutralization, and a hemispherical analyzer pass energy of 29.35 eV. Samples of
bare AuNPs (unconjugated) and M2e–AuNPs were lyophilized and the resulting powder
was mounted with double-sided copper tape to the XPS sample holder. M2e–AuNPs were
washed five-times with wash–spin cycles to remove unbound M2e before lyophilization.
Care was taken to ensure that a sample-covered area with no adhesive visible to the detector
was used for all analyses. All spectra were collected at a 45° take-off angle. Spectra were
referenced to the Au 4f 7/2 peak energy of 84 eV. The relative atomic concentration was
calculated through PHI MultiPak standard sensitivity factors.

Quantification of M2e–AuNPs
The amount of M2e peptide conjugated on the surface of AuNPs was measured by ELISA.
The sample used for quantification was prepared as follows: AuNPs (1 ml) were conjugated
with excess M2e peptide by overnight incubation at 4°C, and the excess peptide was
removed by washing three times in water by repeat wash–spin cycles. The final suspension
was prepared in 50 µl of water by removing 950 µl supernatant in the last spin cycle. Gold
etching solution comprising of KI and I2 in phosphate-buffered saline (PBS) was added to
etch AuNPs for 15 min, which dissolved AuNPs and released M2e into the solution. M2e
standard solution was made by first etching bare AuNPs (without M2e conjugation) to
obtain the same background signal as present in the M2e–AuNP etched solution. Next,
known amounts of M2e were added into this etched gold solution to prepare standard
solutions. ELISA plates were then coated by the standard solutions and the unknown
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samples (in triplicate). Plates were blocked with 100 µl of 3% bovine serum albumin in PBS
for 2 h at room temperature. Mouse anti-M2e antibody was used as the detection antibody
and horseradish peroxidase-labeled goat antimouse antibody was used as the secondary
antibody. Color was developed using OPD as the substrate. After plotting a curve of the
standard solution, the optical density value of unknown samples was interpolated to
calculate the corresponding concentration of M2e in the unknown samples.

Immunization of mice
BALB/c female 6–8-week-old mice were purchased from Charles River Laboratories (MA,
USA) and were maintained at Texas Tech University Animal Care Services (TX, USA). All
animal treatments were performed according to Texas Tech University Animal Care and
Use Committee (IACUC) approved procedures. Two independent immunization studies
were performed, each with three to five mice per group. Mice were anesthetized and
intranasally administered M2e alone, M2e with soluble adjuvant CpG–ODN, or M2e–AuNP
conjugates with or without soluble adjuvant CpG–ODN. The dosage of M2e was 8.2 µg for
all groups of mice. To maintain dose consistency, unbound excess M2e was not removed
from formulations containing AuNPs. As discussed in the results section, approximately
1.25 µg of the 8.2 µg M2e is bound to AuNPs, while the remaining M2e is present in a
soluble form. Each mouse in the M2e–AuNP-vaccinated group received 60 µg of AuNPs,
while the adjuvant groups additionally received 20 µg of soluble CpG per mouse. All
formulations were administered in a volume of 25 µl water given dropwise to the nares at
day 1 and repeated (boosted) at day 21. Blood was collected through retro-orbital sinuses at
days 0, 21 and 42. The collected sera were centrifuged at 17,000 × g for 15 min and stored at
−20°C until analysis.

Antibody measuremen
M2e-specific antibodies generated by immunized mice were measured by ELISA. Ninety-
six well plates (MaxiSorp®, Sigma-Aldrich, ) were coated overnight at 4°C with 50 µl of 5-
µg/ml M2e peptide in PBS. Plates were blocked with 100 µl of 3% bovine serum albumin in
PBS for 2 h at room temperature. A total of 50 µl of serum dilution samples were added and
incubated for 1 h at room temperature. Plates were incubated with 50 µl of 1:4000 dilution
of horseradish peroxidase-labeled anti-IgG, anti-IgG1 or anti-IgG2a secondary antibodies
for 1 h at room temperature. Plates were washed three times with 0.05% Tween 20 in PBS
between each step using ELx405 microplate washer (BioTek, VT, USA). Color was
developed with OPD as the substrate. After 5–10 min, 50 µl of 3% phosphoric acid was
added to terminate the reaction. Absorbance at 490 nm was recorded by the SpectraMax
Plus384 microplate reader (Molecular Devices, LLC, CA, USA).

Influenza A virus challenge
Mice were anesthetized and intranasally inoculated with 30 µl of influenza A virus (H1N1 –
A/PR/8/34) at approximately a 5 × lethal dose 50% (LD50) 3 weeks after boost
immunization. Weight loss was recorded daily and mice were monitored for survival for 2
weeks. If mice experienced weight loss of over 25%, they were euthanized and included as
the experimental end point.

Statistical analysis
All statistical analyses were performed using GraphPad Prism for Windows, version 5.0
(GraphPad Software, Inc., CA, USA). Comparison of antibody titers between groups of
mice was performed with two-way analysis of variance (ANOVA) and a Bonferroni test at a
value of p < 0.05 for statistical significance. Comparison of survival of influenza-challenged
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mice between groups of mice was carried out with log-rank chi-square (Mantel–Cox) test
with a value of p < 0.05 for statistical significance.

Results & discussion
Gold nanoparticle synthesis

We selected AuNPs as the M2e peptide carrier because AuNPs can be chemically
synthesized with tight control over size, low polydispersity, and can be easily conjugated
with antigens at a high surface density through the thiol–gold interaction. We further
decided to make AuNPs with a diameter between 8 and 17 nm because it is reported to offer
higher antigenicity and low cytotoxicity [21,35]. It has been shown that the particle size of
AuNPs can be readily controlled by controlling the specific ratio of gold to citrate ion in the
reaction mixture. Citrate ion functions as a reducing agent and a capping agent. AuNPs with
a diameter of 12 nm were fabricated following the formulation reported in the ‘Materials &
methods’ section. AuNP samples were monitored using TEM and DLS to determine size
distribution (FIGURE 1). As shown in FIGURE 1A, colloidal gold was well dispersed in solution
with a uniform shape and size. The mean AuNP size obtained with DLS was 12 nm (FIGURE

1B). The size was also verified by TEM imaging and was found to be 13 ± 2 nm.

Conjugation of M2e–AuNPs & their stability
Tween 20 (0.1%) was first added to AuNP suspension prior to addition of M2e peptides to
provide a steric shield on gold surfaces, thus improving stability of the suspension and
preventing large crosslinked aggregation of AuNPs from centrifugation at high speed [44].
To obtain full coverage of AuNP surfaces, M2e was added in a molar excess. M2e–AuNP
conjugates were monitored by scanning the surface plasmon peak using UV-vis spectra. It is
well known that the absorbed wavelength will shift as a result of changes in the size of
AuNPs [28,45]. Original AuNPs with a mean diameter of 12 nm had an absorption
maximum of 518 nm (FIGURE 2A). After conjugation of M2e peptide, the absorbance
wavelength shifted to 521 nm, indicating stable conjugation between M2e and AuNPs. FIGURE

2A shows that subsequent addition of 20 µg of CpG to M2e–AuNP conjugates did not
disturb the stability of the colloidal suspension. The stability of conjugated nanoparticles
was also confirmed by the absence of aggregation in the presence of 1% of NaCl [43]; while
M2e–AuNP conjugates remained stable, bare AuNPs aggregated immediately in 1% NaCl
(SUPPLEMENTARY FIGURE 1A; see online at www.futuremedicine.com/doi/suppl/10.2217/nnm.
13.58). Mucus presents a complex viscoelastic environment with a high salt content that can
screen the repulsive electrostatic forces of citrate ions and cause irreversible aggregation of
AuNPs. Although we did not directly test the stability of M2e–AuNPs in mucus, we can
infer from the stability of AuNPs in 1% NaCl that they should be stable in mucus.
Furthermore, the M2e–AuNP conjugates could remain stable after storage at either 4°C or
ambient temperature for at least 2 weeks, which was verified by an absence of variation in
UV-vis spectra (SUPPLEMENTARY FIGURE 1B).

To test the stability of M2e–AuNPs as a dry powder, we first lyophilized the formulation
then resuspended the lyophilized powder in water and compared the absorbance wavelength
with nonlyophilized M2e–AuNP conjugates. The lyophilized M2e–AuNP conjugates were
found to easily resuspend in water. The UV-vis spectra curves of lyophilized and non-
lyophilized M2e–AuNP conjugates were found to overlap with each other (FIGURE 2B), with
both exhibiting an absorbance maximum at 521 nm. By contrast, as seen in FIGURE 2B,
lyophilized bare AuNPs exhibited aggregation and could not be resuspended. A TEM of
AuNPs before and after lyophilization (FIGURE 2C & D) further confirmed that M2e–AuNPs
were uniformly resuspended in water and did not aggregate. At equilibrium, the bond
between AuNPs and the thiol of M2e is expected to have a certain dissociation constant.
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However, the presence of excess M2e in solution is expected to force a continuous coverage
of the AuNP surface. Furthermore, the stability of M2e–AuNP conjugation will be further
enhanced if the formulation is stored in a solid state following lyophilization. Taken
together, this suggests that M2e stabilizes AuNPs, and M2e–AuNP conjugates have the
potential for storage at room temperature, thus offering an advantage in transportation of the
formulation across vast geographical distances for distribution to the masses.

XPS spectra of M2e–AuNPs
To further analyze the M2e–AuNP conjugate, we performed an XPS analysis of the
lyophilized sample and compared the spectra to lyophilized bare AuNPs (without
conjugation). Overall, the relative composition of bare AuNPs was 54.4% gold, 42.0%
carbon and 3.6% oxygen. This relative composition was consistent within 1% for various
100-µm spot scans. The overall relative composition of the M2e–AuNP conjugates varied
more for different 100-µm spot scans, but were always within the following ranges: 15–
25.5% gold, 60–71% carbon, 8.5–10% oxygen, 3–6% nitrogen and undetectable to trace
amounts of sulfur. These elements are expected based on the molecular structure of the
peptide. Evidence of bonding between the M2e peptide and the gold can be seen in the high-
energy shoulder present in both the 7/2 and 5/2 peaks of the Au 4f tight scan spectra of
M2e–AuNP, which is absent in the bare AuNP spectra (FIGURE 3A). Furthermore, the C 1s
tight scan shows the expected multiple bonding states for the carbon associated with the
M2e–AuNP conjugates versus the simple fortuitous carbon associated with the bare AuNPs
(FIGURE 3B). Additional evidence of M2e conjugation to AuNPs can be seen from the higher
normalized intensity of nitrogen from M2e–AuNP conjugates (arising from nitrogen in the
M2e peptide), as compared with bare AuNPs, which exhibit low nitrogen association (FIGURE

3C).

Amount of M2e conjugated to AuNPs
After verifying that M2e was successfully and stably conjugated on AuNPs, we next
determined the number of M2e molecules attached on the AuNP surface. The total number
of AuNPs in the 250-ml solution was calculated as per the following formula under the
assumption that all gold chloride trihydrate reacted completely and that all resulting
nanoparticles were of uniform size:

where MAu is the mass of gold involved in the reducing reaction, which is 0.06 g; ρAu is the
density of gold, which is 19.3 g/ml; and d is the diameter of the AuNPs, which is 12 nm.
After calculation, the total number of AuNPs in the 250-ml solution was found to be 3.4 ×
1015. This is also equivalent to 1.36 × 1013 AuNPs/ml or 0.0225 nmol/ml of AuNPs
(obtained by dividing 1.36 × 1013 AuNPs/ml by the Avagadro number). Based on
quantitative ELISA, we found that when 8.2 µg of M2e is mixed with 250 µl of AuNP
suspension, which is equal to 3.4 × 1012 AuNPs, 1.25 ± 0.25 µg of M2e is bound to the
AuNP surface, translating into 80 ± 16 molecules of M2e conjugated on each AuNP
(assuming uniform coverage of all particles). This number is approximately five-times the
amount of M2 (~16) [5,6] and almost equal to the amount of NA molecules (~90) that are
naturally found on influenza virions [5,46]. Converting M2e conjugation into percentage
mass, it amounts to 2% M2e by mass. Other methods reporting attachment of M2e to
different nanoparticles have reported similar levels of M2e attachment. For example, the
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study by Song et al. showed that M2 formed approximately 1% of the total protein of the
virus-like particles [13].

Effect of AuNPs & CpG on immune response towards M2e Serum IgG
It has been shown in numerous studies that M2e is a poor immunogen [47,48]. Thus, we
examined the ability of AuNPs and CpG (a known adjuvant) to improve the immunogenicity
of M2e. AuNPs were conjugated with M2e to form M2e–AuNP conjugates and were used to
immunize mice intranasally with or without addition of soluble CpG as an adjuvant. For
comparison, separate groups of mice received M2e peptide alone or M2e peptide with
soluble CpG as the adjuvant. To investigate the antibody response of immunized mice,
blood was collected on days 21 and 42 postimmunization. An ELISA was performed on
pooled sera for each group to obtain a dilution curve of M2e-specific IgG antibodies for day
21 (FIGURE 4A) and 42 (FIGURE 4B). FIGURE 4A & B demonstrates that, as expected, M2e is
poorly immunogenic and that addition of soluble CpG to soluble M2e does not result in a
significant improvement in anti-M2e serum IgG. This result is consistent with a previous
study, which found that for intraperitoneally immunized Balb/c mice, the addition of CpG as
an adjuvant to M2e did not result in a significant improvement in IgG titers [40]. However,
upon conjugation of M2e to AuNPs an increase in anti-M2e serum IgG levels could be seen.
This enhancement was more prominent on day 42 (FIGURE 4B). Incorporation of soluble CpG
into the M2e–AuNP conjugate formulation further dramatically increased the serum anti-
M2e IgG levels. Based on the pooled serum curves, we selected a serum dilution of 1:200 to
further analyze M2e-specific IgG antibody response for individual mice in each group to
assess intergroup variability (FIGURE 4C). On day 21, M2e–AuNP without CpG did not
generate strong anti-M2e IgG antibodies, whereas addition of CpG significantly increased
the number of M2e-specific antibodies in sera (p < 0.001 analyzed by two-way ANOVA
Bonferroni test). On day 42, the M2e–AuNP formulation successfully elicited higher anti-
M2e IgG antibodies compared with control groups (p < 0.01 analyzed by two-way ANOVA
Bonferroni test). The addition of CpG to M2e–AuNP conjugates significantly (p < 0.001)
enhanced the M2e-specific IgG antibody production further compared with the nonadjuvant
group. It is important to note that the interanimal variation with use of CpG in the M2e–
AuNP group is low, suggesting a synergistic effect of AuNPs and CpG. The data presented
combine results of two independent experiments.

Serum IgG subtypes
It has been generally accepted that Th1-type immune response is more critical for restricting
viral infections [49,50]. In other words, higher levels of M2e-specific IgG2a antibodies
correlate with viral clearance and protection against influenza challenge. Thus, we examined
Th1/Th2 type responses by obtaining the dilution curve of M2e-specific IgG1 (FIGURE 5A)
and IgG2a antibodies (FIGURE 5B) for day 42, and by measuring M2e-specific IgG1/IgG2a in
serum dilution samples (1:200) (FIGURE 5C). At 42 days postimmunization, the M2e–AuNP
formulation induced a skewed immune response with higher IgG1 to IgG2a antibody levels.
Addition of soluble CpG to the M2e–AuNP formulation not only improved the M2e-specific
IgG1 antibody response (p < 0.001) compared with the nonadjuvant group, but also
significantly enhanced M2e-specific IgG2a antibody response (p < 0.001), resulting in an
elevated, yet balanced, IgG1/IgG2a response. Previous studies have shown that CpG motifs
predominantly induce antigen-specific IgG2a, that is, a Th1 humoral and cell-mediated
response [37-40]. Since the AuNP antigen carrier also participates in the antibody
stimulation process with adjuvant CpG–ODN, we suspect that the balanced IgG1/IgG2a
antibody response may partly be due to co-administration of AuNPs with CpG–ODN.
However, more studies are required to verify this.
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In vitro cross-reactivity of antibodies to different influenza strains
Next we examined the potential of the consensus M2e peptide attached to AuNPs as a
universal influenza vaccine by assessing the ability of serum IgG to bind to native M2
expressed on the surface of three different influenza strains. Accordingly, Philippines-H3N2,
PR8-H1N1 and WSNH1N1 were coated as capture antigens for ELISA to evaluate whether
the serum of mice immunized with the consensus M2e–AuNPs could detect native M2
expressed on the envelope of these viruses. With the exception of two cysteine substitutions
to replace the serines at positions 17 and 19, the M2e peptide used for immunization
matches the native M2 sequence of WSN-H1N1 and Philippines-H3N2. However, PR8-
H1N1 has one amino acid change (D to G at position 21) compared with the consensus M2e
used for immunization (FIGURE 6B). It can be seen from FIGURE 6 that serum IgG from mice
immunized with M2e–AuNPs with soluble CpG had strong reactivity against WSN-H1N1
and PR8-H1N1 (p < 0.001, analyzed by two-way ANOVA Bonferroni Test) as compared
with mice that received M2e–AuNPs without CpG. Interestingly, mouse serum IgG showed
a lower reactivity (p < 0.05) against the Philippines-H3N2 influenza strain, despite the fact
that native M2 present on Philippines-H3N2 has the same sequence as the M2e peptide used
for immunization. This suggests that the M2 molecule on Philippines-H3N2 may be poorly
accessible to antibodies for attachment and binding to occur.

Protection against live influenza challenge
Results from ELISA demonstrated that attachment of M2e to AuNPs coupled with the use of
soluble CpG as an adjuvant significantly enhanced the M2e-specific IgG antibodies and
induced a balanced IgG1/IgG2a response in mouse serum. We next investigated the
protective potential of this immune response. Mice were challenged using a lethal dose of
PR8 influenza virus (~5 × LD50), because the M2 sequence of PR8-H1N1 is different from
the M2e sequence used for immunization, we considered it to be a more stringent test of
vaccine efficacy compared with challenge with WSN-H1N1 or Philippines-H3N2. It was
found that weight loss occurred in all groups, including immunized and the naive groups
(FIGURE 7A). Mice receiving M2e peptide were not protected, and demonstrated weight loss
and mortality similar to naive (nonvaccinated) mice, and M2e coformulated with soluble
CpG resulted in only a 20% survival rate (one out of five mice survived). Mice receiving
M2e–AuNP formulation without CpG as an adjuvant lost weight at a slower rate compared
with the control mice (naive, M2e alone and M2e with soluble CpG). Although IgG serum
antibody results showed that mice vaccinated with M2e–AuNP without CpG as adjuvant
elicited a strong immune response (p < 0.01), only partial protection was observed against a
live influenza challenge (five out of eight mice survived). Interestingly, mice receiving
M2e–AuNP conjugates coformulated with CpG as an adjuvant lost weight sooner, but the
drop was less severe compared with other groups of mice. Furthermore, supplementation of
the M2e–AuNP conjugates with CpG as an adjuvant resulted in complete protection against
PR8 influenza virus challenge (FIGURE 7B), which correlates with the significantly higher anti-
M2e IgG titers as compared with the M2e–AuNP without CpG group. All mice (eight out of
eight) vaccinated with M2e–AuNP and soluble CpG as the adjuvant began to recover at days
6–7 postchallenge and survived, whereas all (eight out of eight) naive mice died after day 8
post-virus challenge (p < 0.01, analyzed by Log-rank Mantel–Cox test).

It should be noted that inclusion of CpG with the M2e peptide (without AuNPs) could only
induce a fairly low level of M2e-specific antibodies and did not significantly improve the
survival rate (one out of five survived) as compared with the M2e alone formulation. This
result is consistent with a previous study, in which CpG administered with M2e through the
intraperitoneal injection resulted in survival of just one out of eight Balb/c mice [40]. By
contrast, M2e–AuNPs and M2e–AuNPs with adjuvant CpG induced protective M2e-specific
antibodies and improved the survival rate to 62.5 and 100%, respectively (FIGURE 7B). We can
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conclude that in our study the significantly enhanced immune response and complete
survival after challenge with lethal PR8 influenza virus was largely because of the presence
of M2e in a AuNP-conjugated form. It is likely that the attachment of M2e to AuNPs can
alter antigen presentation and, thus, result in a superior immune response compared with
when AuNPs are not included in the formulation. In accordance, Hashemi et al., who used
another nanoparticle, the T7 bacteriophage, reported that T7–M2e nanoparticles induced an
anti-M2e immune response and protected mice from lethal influenza challenge, but the M2e
peptide failed [18].

Although AuNPs are capable of firmly attaching M2e peptides and can help in the
presentation of the influenza antigen in a particulate form to antigen-presenting cells, the
delivery mechanism through the nares is still not clear and further studies are required to
investigate the penetration of AuNPs through the nasal route and cellular uptake of AuNPs
as an antigen carrier. The AuNP can be traced by autometallography at the ultrastructural
level [51]. The biodistribution of AuNPs upon intranasal delivery has not been studied.
Various bioavailability and toxicity studies related to AuNPs have been carried out and the
conclusions suggest that gold particle size, route of administration and properties of the
conjugated molecule can affect its biodistribution and safety profile [52-58]. Thus, it
becomes important to specifically study the biodistribution and safety of M2e–AuNPs as a
vaccine formulation since this is the first time M2e has been conjugated to AuNPs. To
perform biodistribution studies, gold content in different tissues, such as lung and liver, can
be readily quantified by inductively coupled plasma mass spectrometry [59]. Based on the
ELISA result of binding of serum IgG to native M2 expressed on the surface of influenza A
viruses (Philippines-H3N2, PR8-H1N1 and WSN-H1N1), we know that M2e-specific IgG
antibody could recognize the native M2 expressed on different virus strains to a great extent.
However, further in vivo challenge studies with a large panel of different virus subtypes is
still required to confirm the effectiveness of M2e–AuNP conjugates as a universal antigen
for protecting against different influenza A subtypes.

Conclusion
AuNPs with a diameter of 12 nm were synthesized with uniform shape and size and
conjugated with M2e using the gold–thiol interaction. M2e–AuNP conjugates enabled
stimulation of M2e-specific IgG antibodies, which could recognize M2e and native M2 on
influenza A viruses, and partially protected mice from lethal PR8 influenza A virus
challenge. Addition of CpG–ODN as a soluble adjuvant further improved the immune
response, providing complete protection against the lethal dose of PR8 virus challenge.
Overall, this study demonstrates the potential of using AuNPs as a platform for the
development of an influenza vaccine.

Future perspective
In this study, we demonstrated that AuNPs provide a simple way to conjugate M2e peptide
using the gold–thiol interaction, and provide a promising platform as an antigen carrier of
this poorly immunogenic peptide for immunization against influenza A viruses. The
adjuvant function of gold nanoparticles makes them a promising material for future
universal influenza vaccine development. Since both AuNPs and M2e can be chemically
synthesized, it can potentially allow for a fully synthetic approach for vaccine production. In
addition, it can allow for development of new vaccines that can utilize AuNPs as a basal
structure to conjugate other synthesized peptides as co-antigens or adjuvants. Successful
development of this approach will not only provide a means to develop a universal influenza
vaccine, but will also provide a logistical advantage in delivery, since it has potential to be
self-administered as nasal drops and does not require trained personnel for administration.
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Vaccine delivery through the nasal route has the potential to induce mucosal immunity.
Although we did not fully test this potential in our study, we did collect vaginal washes from
vaccinated mice and found significant production of anti-M2e IgA in vaginal secretions
(SUPPLEMENTARY FIGURE 2). This suggests that AuNPs could also be used as a platform to develop
vaccines against sexually transmitted diseases, such as HIV. Overall, AuNPs offer a
promising platform to produce synthetic virus-mimicking structures that could be used to
induce systemic and mucosal immune responses against a variety of pathogens.

Executive summary

Synthesis & characterization of M2e–gold nanoparticle conjugate

■ Citrate-reduced gold nanoparticles (AuNPs) with a diameter of 12 nm were
synthesized and characterized by transmission electron micrography and
dynamic light scattering.

■ Stable matrix 2 protein (M2e)–AuNP conjugates were made by attaching the
M2e peptide to AuNPs through use of the gold–thiol interaction. Stability
was confirmed using UV-visible spectroscopy and transmission electron
micrography. Further evidence of bonding between M2e peptide with AuNPs
was provided using x-ray photoelectron spectroscopy.

■ M2e–AuNPs could be lyophilized to be stored as dry powder and were easily
resuspended in an aqueous solution demonstrating the potential of perhaps
storing the formulation in dry state at room temperatures and reformulating it
just prior to use.

Effect of AuNPs & CpG on immune response

■ Naive mice and mice vaccinated with M2e alone or with soluble CpG did not
induce strong anti-M2e serum IgGs.

■ Attachment of M2e to AuNPs improved M2e immunogenicity and
vaccinated mice generated M2e-specific serum IgG antibodies.

■ Addition of soluble CpG–oligodeoxynucleotide as an adjuvant to M2e–
AuNP conjugates significantly increased the anti-M2e IgG antibodies in mice
serum compared with no adjuvant group (p < 0.001) and stimulated a
balanced IgG1/IgG2a response.

Recognition of different influenza viruses & protection against lethal challenge

■ The serum from mice immunized with M2e–AuNP conjugate with soluble
CpG as adjuvant crossreacted against WSN-H1N1, PR8-H1N1 and
Philippines-H3N2.

■ While the M2e–AuNP formulation produced only partial protection against
lethal influenza virus challenge, addition of CpG as a soluble adjuvant to the
conjugates resulted in complete protection against lethal PR8 influenza virus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphology and size distribution of gold nanoparticles.
(A) Transmission electron micrograph and (B) dynamic light scattering data showing size
distribution.
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Figure 2. Characterization of gold nanoparticles.
(A) Absorption spectrum of AuNPs before and after conjugation of M2e, and after addition
of soluble CpG. Inset shows a close-up of absorption peaks. (B) Absorption spectrum of
nonlyophilized AuNPs, lyophilized unconjugated AuNPs or lyophilized M2e–AuNP
conjugates after resuspension in water. Inset shows a photograph of lyophilized M2e–AuNP
conjugates. (C) Transmission electron micrograph of nonlyophilized M2e–AuNP
conjugates. (D) Transmission electron micrograph of a resuspension of lyophilized M2e–
AuNP conjugates.
AuNP: Gold nanoparticle.
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Figure 3. X-ray photoelectron spectroscopy spectra of M2e-conjugated and unconjugated gold
nanoparticles.
(A) Tight scan spectra of Au 4f region. Arrows point to the high-energy shoulders. (B) Tight
scan spectra of C 1s region. (C) Tight scan spectra of N 1s region.
AuNP: Gold nanoparticle.
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Figure 4. M2e-specific IgG antibody response in mouse serum.
(A) Titration curve for pooled day 21 serum. (B) Titration curve for pooled day 42 serum.
(C) M2e-specific IgG antibodies in 1:200 diluted serum of individual mice of a group. OD
measured at 490 nm wavelength. Each diamond in (C) represents an animal in a group (n =
3 in M2e alone group, n = 5 in M2e + CpG group and n = 8 for the remainder of the groups),
the vertical column represents the mean, and error bars represent standard error of the mean.
The data presented combine results of two independent experiments.
**p < 0.01; ***p < 0.001.
AuNP: Gold nanoparticle; OD: Optical density.
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Figure 5. M2e-specific IgG subtypes in mouse serum.
(A) Titration curve for IgG1 in pooled day 42 serum. (B) Titration curve for IgG2a in pooled
day 42 serum. (C) IgG1 and IgG2a antibodies in 1:200 diluted serum of individual mice of a
group. OD measured at 490 nm wavelength. Each diamond in (C) represents an animal in a
group (n = 3 in M2e alone group, n = 5 in M2e + CpG group and n = 8 for the remainder of
the groups), the vertical column represents the mean, and error bars represent standard error
of the mean. The data presented combine results of two independent experiments.
***p < 0.001.
AuNP: Gold nanoparticle; OD: Optical density.

Tao et al. Page 20

Nanomedicine (Lond). Author manuscript; available in PMC 2014 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Cross-reactivity of mouse serum IgG (1:50 dilution) against native M2 expressed on
three influenza A viruses.
(A) OD measured at 490 nm wavelength. Each diamond represents an animal in a group (n =
3 in M2e alone group, n = 5 in M2e + CpG group and n = 8 for the remainder of the groups).
The vertical column represents the mean. (B) The table provides sequences of the consensus
M2e used for immunization and M2e present on the surface of the three influenza A viruses
used in the cross-reactivity ELISA assay (Philippines-H3N2, PR8-H1N1 and WSN-H1N1).
The data presented combine results of two independent experiments.
*p < 0.05; ***p < 0.001.
AuNP: Gold nanoparticle; OD: Optical density.
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Figure 7. Response of mice to a lethal dose (5 × lethal dose 50%) of influenza PR8 virus.
(A) Weight loss of mice after challenge. (B) Survival of mice after challenge. The data
presented combine results of two independent experiments (n = 3 in M2e alone group, n = 5
in M2e + CpG group and n = 8 for the remainder of the groups).
AuNP: Gold nanoparticle.
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